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Preface
The work in this dissertation is presented in four separate
chapters, each of which may be read independently of the others. The
main experimental objective involved investigating the melt rheology
of ethylene-methacrylic acid copolymers, their methyl esters and
sodium salts (ionomers). These results are presented in Chapter III.
In Chapter II, hydrogen bonding in the acid copolymers and ionomers
is investigated using infrared spectroscopy. The effect of crystal-
linity on dynamic mechanical relaxations in polyethylene-polypentenamer
copolymers is presented in Chapter IV. Introductions discussing the
relevant literature and experimental techniques are included in each
chapter. A brief introduction and review of the structure and physical
properties of ionomers in general is presented in Chapter I.
ABSTRACT
Dynamic Mechanical and Melt Rheological Properties
of Ethylene Copolymers and lonomers
(May 1978)
Thomas Robert Earnest, Jr., B.S., North Carolina State University,
M.S., University of Massachusetts, Ph.D., University of Massachusetts
Directed by: Professor William J. MacKnight
The dynamic mechanical and melt rheological properties of ethylene-
methacrylic acid copolymers, their methyl esters and sodium salts
(ionomers) were investigated. Differences in the melt rheology for the
acid and ester copolymers were explained by differences in glass transi-
tion temperatures. Time-temperature superposition was found applicable
for the nonionic derivatives and shift factors were fitted to a WLF
equation. Time-temperature superposition was not applicable for the
ionomers. By maximizing overlap at either low or high frequencies for
the ionic polymers, pseudo-master curves were constructed which indicate
that at least two mechanisms of flow occur in the ionomers. It was
found that temperature shifts required to superpose master curves for
the three derivatives (ester, acid and salt) are related to the strength
of interactions involved in hydrogen bonding and ionic raultiplet
formation. Incorporation of a small amount of crown ether in an ionomer
resulted in a large decrease in the high temperature modulus. This
may be due to a reduction in interionic association and is similar to
the effect of lowering the percent ionization.
The temperature dependence of hydrogen bonding in ethylene-methacrylic
acid copolymers and partially neutralized ionomers was investigated by
Vll
infrared spectroscopy. The concentration of free and hydrogen bonded
carboxyl groups was determined using the 1750 cm" 1 and 1700 cm" 1 carbonyl
bands. Both integrated absorbance and peak absorbance methods were
employed giving similar results. The dimerization is essentially com-
plete at room temperature and is reduced by 10 to 20% at 150°C. Values
of the enthalpy for hydrogen bond dissociation were about 12 kcal per
mole of dimers. The hydrogen bonding behavior of unionized carboxylic
acid groups in the ionomer was found to be similar to the nonionized
materials- It was determined that the 935 cm" 1 out-of-plane OH band
cannot be unambiguously used to calculate the thermodynamic parameters
of hydrogen bonding for the system studied.
A study was made of the dynamic relaxational behavior of a 97%
cis polypentenamer and its hydrogenated derivatives. Three relaxations
are discernible in the temperature range -160°C to the melting point
labeled a, 6 and y in order of decreasing temperature. The a relaxa-
tion occurs only in the crystalline derivatives. The 8 relaxation
arises from microbrownian motion accompanying the glass transition.
It decreases in temperature initially as double bonds are converted to
single bonds but shows an abrupt rise in temperature at the first trace
of crystallinity and continues to rise thereafter. The y relaxation
is absent in the starting polypentenamer but is present in all the
derivatives. It increases in magnitude with increasing CH2 sequence
length and with crystallinity.
It is suggested that the two-phase model is only applicable to
polymers with amorphous phases of sufficiently different structure from
the crystalline phases as to preclude the crystallization of the
amorphous phase under any circumstances.
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CHAPTER I
IONOMERS: INTRODUCTION AND REVIEW
A. Introduction
The term "ionomer" was first used by the DuPont Company to describe
copolymers of ethylene and methacrylic acid that are partially or wholly
neutralized with metal cations. It is now used to describe ionic
polymers consisting mainly of a hydrocarbon backbone with pendent
acid groups which can be neutralized. In general ionomers contain
less than 10 mole % salt groups. Various polymer backbones have been12 1utilized including polybutadiene
,
polystyrene, polyethylene, poly-
4 5
oxymethylene and polypentenamer
. Acid groups have included carboxylic,
sulfonic, thioglycolic, phosphonic, and others. Much of the work
describing structure - property relationships has been presented and
6 7
reviewed in two recent books by Holliday and Eisenberg and King.
In early work with carboxylated polybutadiene, it was realized
that physical and mechanical properties were influenced by neutralizing
the pendant acid groups with metal oxides such as zinc. The ionic
polymers were characterized by high tensile strengths without incor-
porating reinforcing fillers compared to sulfur vulcanizates of of the
8 9
same material, along with increased elongation to break. * The con-
cept of metallic salt crosslinks was introduced to explain this behavior.
As more research was carried out on ionomers, it became obvious that
the simple concept of ionic crosslinks was not adequate to explain
their behavior. To explain the fact that monovalent ions produce a
crosslinking effect, Otocka postulated the existence of dipole-dipole
interactions leading to an ionic quartet.
10,11
This concept recognized
the possibility that salt groups would be present as contact ion pairs
in a medium of low dielectric constant. Further investigations into
the structure of ionomers resulted in the conclusion that a separate
phase consisting of ion rich domains must be present. Theoretical and
experimental evidence has been obtained for such an ionic phase and
will be discussed below.
B. Theory
Eisenberg presents the only purely theoretical approach used to
1 2predict the morphological microstructure of ionomers. Here the basic
entity is the contact ion pair from which triplets, quartets, etc.,
termed multiplets, can be built up having their charges as close together
as physically possible. A cluster is defined as a loose association
of multiplets each separated by a nonionic skin or shell. Based on
steric arguments, a maximum value of eight ion pairs is calculated
for a multiplet in the case of an ethylene-sodium methacrylate copolymer.
This calculation assumes a spherical geometry and perfect volume filling
packing. The radius of this maximum sized multiplet would be about
o
3 A and the droplet of ionic material would be completely coated with
hydrocarbon material. Other geometries would give different results.
For example, if the aggregates were lamellar, there would be no steric
limit on their size.
The clustering of the multiplets would then be favored by energetic
considerations. In addition, other ion pairs would be attracted to
the surface of a multiplet. Electrostatic energy is released when
multiplets come together to form a cluster. The work involved depends
on the cluster geometry and the dielectric constant of the medium.
elastic force tending to pull apart the clusters is calculated from
classical rubber elasticity. Since the elastic restoring force is
directly proportional to temperature and the electrostatic force of
attraction only slightly depends on temperature, there is some critical
temperature, T c , at which these forces just balance and above which
cluster formation would be unfavorable. Finally the theory predicts
a critical ion concentration below which the elastic chain forces are
greater than the electrostatic forces. This would of course depend
on the structure of the multiplets and the nature of the polymer chain.
Some of the assumptions built into this treatment surely affect
the results. The spherical structure required for multiplet formation
severely restricts its size. Exclusion of any hydrocarbon material
from the multiplets also affects the calculated multiplet dimensions.
However, within its limitations, Eisenberg's theory is a good first
approximation for the arrangement of salt groups in ionomers.
C. Morphological Studies
1. Electron Microscopy
The results of electron microscopy studies on ethylene-methacrylic
13
acid copolymers and ionomers by Davies et al. are summarized by
Longworth in reference 6. Using surface replication, a lamellar
spherulitic morphology was observed for the acid copolymers. For the
ionomers, no such structure was apparent and only a random, grainy
morphology was observed. Thin films of the acid copolymer were cast
onto dilute base, neutralizing the polymer. These ionomer films showed
a marked difference from acid copolymer films cast on water. The ionomers
were characterized by randomly arranged lamellae with irregular clumps
of aggregated ionic material. The grains which appear as dark regions
on the transmission micrographs are about 150 A in diameter for the
rubidium salt.
Using butadiene-methacrylic acid copolymers, Marx reports similar
i • 14electron microscopy results. The granular size was found to be
smaller than in the ethylene ionomer study. Typical diameters were
O
about 13 - 26 A. Investigating ethylene-phosphonic acid based ionomers
Phillips reports granular morphology similar to that in the ethylene-
methacrylic acid ionomers above.
Pineri and coworkers"^ have also used electron microscopy to
examine the morphology of ionomers. The polymer investigated is a
terpolymer of butadiene, styrene, and 4-vinylpyridine complexed with
iron. Micrographs show the existence of iron rich regions distributed
heterogeneously throughout the sample varying in size from 100 to 1,000
0
A. The iron regions are noncrystalline in nature.
2. Mossbauer Spectroscopy and Neutron Scattering
Recent results of Pineri and coworkers utilizing Mossbauer
spectroscopy and neutron scattering have added a new dimension to the
17 18
elucidation of the morphology of ionomers. ' The Mossbauer effect
involves the recoilless resonance absorption of y-rays by a particular
nucleus, usually iron. The resultant absorption spectrum gives infor-
mation about the electronic environment of the nucleus in question.
For the butadiene-s tyrene-vinyl pyridine copolymer complexed with
iron, the results reveal three types of environments for the iron
atoms. These are: (1) Dimers, which account for about 20% of the
iron introduced. They consist of two asymmetrical Fe(III) complexes
with antiferromagnetic coupling. (2) Quasi-isolated complexes which
account for less than 20% of the iron. They have a weak ferromagnetic
coupling and may be present in the vicinity of clusters. (3) Clusters
which contain 40 to 60% of the iron. Ninety percent of these clusters
O
are less than 30 A in radius and contain an average of 30 complexes.
They are amorphous in nature in agreement with microdiffraction results.
Pineri also used neutron scattering experiments with complementary
small angle x-ray scattering results to investigate ionomer morphology.
Calculated best fit of the data reveal that more than 80% of the
clusters are less than 30 A in radius with the average radius around
o
10 A. These results are in quite good agreement with the results of
the Mbssbauer spectroscopy and of the x-ray scattering data of MacKnight,
Taggart and Stein discussed below.
3. X-Ray Scattering
Of central importance in the interpretation of the structure
of ionomers has been the use of x-ray scattering. The major difference
in the scattering curves of an ionomer and its parent acid copolymer
is the appearance of a low angle peak for the ionomer centered around
29 = 4°. This peak seems to be a characteristic feature of all ionomers
regardless of the nature of the polymer backbone or the presence of
2 19 20,21
backbone crystallinity and has been observed by many workers. '
A similar peak occurs in all ionomers regardless of the nature of the
cation. The position of the small angle peak is independent of tempera-
ture up to 300°C. Low levels of water tend to enhance the intensity
of the peak while saturation destroys it but leaves the low angle
scattering curve still different from that of the acid copolymer.
All of the observations are consistent with the hypothesis that
a separate phase is present in the ionomers consisting of the ionic
units and acid groups. Because interpretation of scattering data is
dependent on the choice of a suitable scattering model, several struc-
tural models for ionomers have been proposed. These are discussed in
the next section.
4. Morphological Models
The model outlined by Longworth is based on an analysis of
small angle x-ray scattering and is qualitatively consistent with the
electron microscopy studies. Here the ionomer peak is interpreted as
resulting from a Bragg maximum giving a Bragg spacing of about 20 A.
Because at least 5 repeat units must exist before such maximum can
exist, the ionic domain must have dimension of at least 100 A. The
presence of only one peak is due to a low degree of perfection of the
ionic phase. The repeat unit is assumed to be ordered hydrocarbon
units and not the ions themselves.
In terms of Eisenberg's theoretical model, this proposal would
envision loose clusters with hydrocarbon chains extending throughout
at regular intervals between multiplets. However this model does not
account for the difference in scattering intensities observed with
various cations since the scattering sites are not ionic in nature.
Also the 20 A periodicity would have to result from some potential
which remains unexplained.
20
The model of Marx et al. interprets the ionic peak in a much
different manner. Here the Bragg spacing is related to the average
distance between scattering sites. They conclude that the neutralized
carboxyl groups aggregate. These aggregates are assumed to be the
scattering sites and distributed on a paracrystalline lattice. Their
results indicate that aggregates of no more than 7 carbonyls exist for
fully ionized materials thereby rejecting the concept of clustering
of multiplets to form larger clusters. However there seems to be no
basis for a regular ordering of scattering sites on a paracrystalline
lattice. It would not be expected that such regularity in distance
would exist in amorphous, random copolymers. A very similar model is
21proposed by Binsbergen and Kroon and suffers from the same objections.
They calculate the number of carboxylate groups per scattering site
assuming the small angle x-ray peak is due to next nearest neighbor
distances
.
MacKnight et al. have proposed a model of ionomer structure based
on Radial Distribution Function calculations and Guinier analysis of
22 23
x-ray scattering. ' Their analysis showed a build up of electron
o
density in the 4 - 16 A region to be due to metal ion clusters since
this separation is inconsistent with a uniform distribution. The
small angle peak was assumed to arise from the interference resulting
from short-range ordering of matrix ions around a central cluster.
0
The model then consists of ionic clusters of average radius 8 - 10 A
containing about 70 ions surrounded by a shell of hydrocarbon chains.
Nonclustered ions attracted to the shell from the surrounding matrix
o
would establish a preferred distance of 20 - 35 A.
The models discussed above are based mainly on interpretation of
x-ray scattering data. It remains clear that the
,! ionomer peak' 1 of
the samll angle x-ray scattering curve does exist for ionomers. However
8the interpretations of the x-ray data vary both qualitatively and
quantitatively. With the additional evidence obtained by Pineri and
coworkers from Mossbauer spectroscopy and neutron scattering, it seems
most likely that the model described by MacKnight gives the clearest
picture of ionomer morphology resulting in a size distribution of
core-shell entities along with a smaller fraction of isolated ion
pairs and dimers.
D. Physical Properties
L. General
As stated above the earliest work with ionomeric polymers was
1 9 2 A 25 26carried out on carboxylated rubbers. 9 9 9 9 The general findings
27
of these investigations have been outlined by Otocka. Conversion of
the acid groups to their monovalent salts results in decreased solubility
with reasonably high room temperature tensile strengths, moduli, and
elongations, with large permanent sets. Thermoplastic behavior resulted
if test temperatures were elevated. Converting to the divalent salt
resulted in insoluble and sometimes infusible materials . Divalent
salts gave higher moduli and tensile strengths along with lower elonga-
tions and permanent sets. Unfortunately much of this work is of
limited quantitative use due to incomplete or inadequate characteriza-
tion of the polymers investigated. In general though, it was concluded
that there was some relaxation of the network due to the thermal
lability of the ionic groups.
The physcial properties of the commercial ionomers based on poly-
ethylene have been well documented. They are characterized as tough,
flexible and truly thermoplastic. They can be melt processed similarly
to low density polyethylene (LDPE) to form sheets, films, and injection
molded products. Compared to LDPE, ionomers possess unusual clarity
in the solid state and have a high melt strength. One difficulty in
characterizing these ionomers is their insolubility in common organic
solvents. An increase in stiffness with neutralization is attributed
to an increase in T
g .
Also there is a substantial increase in tensile
strength with a corresponding decrease in elongation.
2. Effect on Glass Transition Temperature
Studying the dynamic mechanical properties of styrene-methacrylic
acid copolymer sodium salts, Fitzgerald and Nielsen observed an increase
in the temperature of the maximum of the logarithmic decrement as a
2 8function of carboxylate content. They observed an increase from
120° to 145° to 185°C for 2, 10, and 40 mole % copolymers. Although
the behavior is not linear, the trend to higher Tg vs. -ion content is
29
clear. In two studies on styrene-methacrylic acid ionomers, Eisenberg '
finds a linear increase in Tg vs. ion content up to 10 mole %. These
values are determined bv both DSC and dvnamic mechanical loss.
31
Using infrared spectroscopy and DSC, Ogura et al. investigated
the glass transition in the sodium salts of a styrene-methacrylic acid
copolymer. They report a linear rise in Tg with increasing degree of
ionization from 0 to 90% for a 20 mole % copolymer. Values of T g are
determined by IR using the temperature dependence of the absorbances
at 1700 and 1745 cm" 1 . The authors concluded that the increase in T g
is due to a crosslinking effect, although as crosslinks, the hydrogen
bonds are not as efficient as covalent crosslinks.
10
The glass transition of ethyl acrylate-acrylic acid ionomers was
investigated by Matsuura and Eisenberg. 32 For various types of ions
studied, the plot of T
g
vs. ion content gave a sigmoidal curve. The
accelerated rise in the curve coincides with the onset of nonsuper-
imposability in viscoelastic behavior.
The glass transition of ethylene based ionomers has been studied
33 3Aby several workers. 9 Since these materials are similar to branched
low density polyethylene, T
g
is associated with the 6 peak in the
dynamic mechanical loss modulus located near 0°C. Otocka and Kwei 33
found that for ethylene-acrylic acid ionomers of low ion content, the
3 peak shifts to higher temperatures as the concentration of ionic
groups increases. They describe the variation of T
g
with ion content
by a simple copolymer equation, taking the T
g
of polyethylene as -20°C
and estimating the T
g
of polysodium acrylate and polymagnesium acrylate
as 230° and 400° respectively. They argue that this regular shift in
Tg is due to random molecular distribution of the ionic comonomer units
However, Eisenberg points out^ that the observed behavior can be
explained if only a portion of the total ionic groups are molecularly
dispersed.
Studies by MacKnight and coworkers on ethylene-methacrylic acid
ionomers indicate that the S relaxation peak location is substantially
34 35independent of ion content for highly neutralized samples. In
addition, they find an effect of the cation on the location and shape
of the 3 peak. The calcium salt gives a much narrower 6 relaxation
region than the sodium or lithium salts, the peak occurring also at
slightly higher temperatures.
The data of Longworth and Vaughan 36 on ethylene-methacrylic acid
ionomers are contrary to the findings of Otocka and Kwei above. The
ionomers investigated were 95% neutralized with sodium. Inspection
of their Figure 2 shows a decrease in the 8 relaxation temperature
with increasing ion content for polymers containing 5 to 20 weight %
sodium methacrylate. The location of the 3 relaxation remains in the
region -40 to -20°C.
3. Mechanical Properties
a. Stress Relaxation
9 37 38Studies by Cooper and others ' 1 have been published
showing a considerable rate of creep for carboxylated rubbers depending
on the metal ion used. The rate of stress relaxation was found to
increase with increasing temperature however, and there is little
permanent set. This behavior was originally attributed to interchange
9
reactions between ionic crosslinks or to the influence of a sparse
39
network of chemical crosslinks.
The chemical exchange mechanism was further investigated by
Otocka and Eirich. Investigating butadiene based ionomers they
observed pseudoequilibrium rubbery plateaus in the modulus - temperature
plots in the region near 10 8 dynes/cm2 . The height of the plateau is
an increasing function of ion concentration. WLF type shift factors
above and below the plateau give two separate curves indicating more
than one relaxation mechanism is present.
28
In the early work of Fitzgerald and Neilson, and Erdi and
Morawetz,^ on styrene based ionomers, a broadening of the modulus
vs. temperature curves was observed in the transition region. While
12
relaxation rates of pure polystyrene and parent acid copolymer are
identical when compared relative to their glass transition temperatures,
the rate of stress relaxation in the salts is much lower. These results
show the important effect of ionic bonding on the solid state mechanical
properties of ionomers.
In a series of papers, Eisenberg and Navratil 29 9 30 > 41 ,42 investi-
gated a number of parameters affecting the viscoelastic properties of
styrene-raethacrylic acid ionomers. Stress relaxation master curves
were constructed for copolymers with varying amounts of ionic groups.
As the fraction of ionic material increases, so does the position of
the inflection point due to the pseudoequilibrium rubbery plateau.
In a similar manner, increasing the degree of ionization shifts the
inflection point to higher moduli for polymers neutralized more than
50%. The overall rate of relaxation for the partially neutralized
copolymers was much greater than that of the fully neutralized ionomer.
At higher concentrations of ionic groups (above 6 mole %) , attempts
to construct stress relaxation master curves failed. If overlap was
maximized in the short-time region
,
pronounced deviations occurred in
the long-time regions. This behavior suggests at least two major
relaxation processes occurring . Eisenberg speculates that at short
times the relaxation process is due to the yielding of the nonionic
matrix and that the relaxation at longer times involves a yielding in
the ion rich cluster phase.
Stress relaxation studies have also been conducted with ethylene
ionomers. The polymer investigated was a 6.5 mole % methacrylic
acid-ethvlene copolymer neutralized ' to the sodium or calcium salt.
The curves of log modulus against log time are similar to those obtained
for a completely noncrystalline ionic polymer such as styrene-methacrylate
copolymers and confirm that ionic aggregation is important in these
polymers. Reasonably good superposition was obtained, however the
shift factors were not of the WLF type and time-temperature superposi-
tion was assumed not to be applicable,
b. Dynamic Mechanical Properties
As discussed above in the section on T
g ,
dynamic mechanical
techniques have been used to determine the behavior of the glass transi-
tion temperature in various ionomers. For styrene based ionomers, the
loss peak associated with T
g
increases in temperature with increasing
42ionic content. In addition, for samples containing between 1 and
6 mole % salt, a second peak above T
g
is visible. This peak occurs
near 150°C. For ionomers containing more than 6 mole % salt, a con-
tinuous increase in tan6 is observed following the 1 relaxation. The
©
high temperature peak, in the low concentration range, or the large
increase in tan6 in the high concentration range is attributed to a
softening of the ionic phase.
The dynamic mechanical properties of ethylene ionomers have been
3 33 34 35 44investigated by numerous workers. ' * * ' Four distinct regions
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can be observed in these materials: (1) The a relaxation is observed
in tan6 plots at about 50°C and moves to higher temperatures with
increasing degrees of neutralization. This peak is associated with
ionic domain motions and has been referred to as the ionic phase glass
transition. (2) The 3 ? peak, assigned to the glass-rubber transition
in the acid copolymers, is located near 25°C. This peak increases in
14
temperature with increasing acid comonomer and decreases in intensity
with increasing neutralization. (3) The 6 peak is observed in E"
plots near
-10°C and has been identified with the glass transition of
the nonionic, amorphous, branched polyethylene phase. The peak tempera-
ture does not change much with ion content, however the magnitude
increases with increasing amounts of salt groups due to decreasing
crystallinity. The results of Otocka and Kwei 33 suggest that at very
low ion contents (less than 3%) the temperature of the B peak may rise
slightly, but at the higher concentrations examined in references 3
and 35 it becomes relatively constant. (4) The low temperature y peak
occurring near -120°C is assigned to a similar mechanism to the y relaxa-
tion observed in polyethylene,
c. Melt Rheology
Only a few studies have been conducted concerning the melt
flow properties of ionoraers. This subject will be discussed in detail
in Chapter III. Of note, here, however are two melt rheological studies
45
concerning styrene and ethylene based ionomers. Shohamy and Eisenberg
determined the dynamic storage modulus and dynamic storage viscosity
of several s tyrene-methacrylic acid copolymers, their methyl esters
and sodium salts. They determined that in the frequency and temperature
range studied, time-temperature superposition was applicable. They
showed that the shapes of individual storage modulus master curves
for the ester, acid and salt of a 1.5 mole % copolymer were identical
and could be superimposed on each other by horizontal shifting. The
differences in temperature required for this superposition were related
to the strength of interchain forces: hydrogen bonding in the acid
and ionic interactions in the salt.
15
Sakomoto et al. examined the melt rheology of a 4.1 mole % meth-
acrylic acid-ethylene copolymer and its sodium and calcium salts.
^
6
It was observed that time-temperature superposition was applicable to
the acid copolymer but not to the salts. The authors conclude that
the ionic copolymers have effectively different structures at different
temperatures; therefore superposition would not be expected.
Other physical properties of ion containing polymers have been
investigated and the results are helpful in understanding the struc-
ture and properties of ionomers. However, their discussion is outside
the scope of this introduction and review. The reader is referred
6 7
to the two recent monographs 5 for additional details.
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CHAPTER II
INFRARED STUDIES
A. Introduction
Polar moieties attached as pendent groups along a polymer chain
or directly incorporated into the backbone are known to interact with
each other thereby affecting the polymer's physical properties. For
polymers containing carboxylic acids, amides, alcohols, amines etc.,
the possibility of hydrogen bonding exists. Structural integrity,
crystalline habits and the location of the glass transition temperature
can be influenced by the presence of hydrogen bonding.
Early investigations into the possibilities of realizing thermally
reversible polymer gels were focused on carboxylic acid containing
12 3
rubbers 9 and styrene-methacrylic acid copolymers. It was found
that incorporation of acid comonomer generally increases modulus and
viscosity but does not produce a mechanically stable network. Efforts
were then directed at elucidating the behavior of carboxylic acid
monoraer-dimer equilibrium, principally using infrared techniques.
3
Longworth and Morawetz determined the relative concentrations of free
and hydrogen bonded carbonyl using the absorbances at 1750 and 1700
cm" 1 respectively for styrene-methacrylic acid copolymers. Dimeriza-
tion constants were calculated at 110°C to be 0.36 and 0.12 moles/1
for a 4.6 and 10.6 mole percent acid copolymer, and the heat of
dimerization was found to be 8-10 kcal/mole. They also reported that
on cooling below T
g
,
a fraction of free carbonyl was frozen in and
4
this amount was independent of cooling rate. Fitzgerald and Nielsen
also investigated the temperature dependence of infrared spectra for
20
styrene-methacrylic acid copolymers. Using the ratio of the absorbances
at 1750 and 1700 cm" 1
,
they report an energy difference between nonbonded
and bonded forms to be 3-61 kcal/mole.
In 1968 MacKnight and coworkers 5 published results of infrared
studies on an ethylene-methacrylic acid copolymer containing 4.1 mole
% acid comonomer. They investigated the temperature dependence of the
relative intensities at 3540 and 1700 cm" 1 assigned to free hydroxyl
stretch and the hydrogen bonded carbonyl stretch respectively. The
extinction coefficient for the 3540 cm" 1 band was determined indirectly
using the 1750 cm" 1 band at the highest temperature and assuming the
ratio of extinction coefficients (1750 to 3540 cm" 1 ) to be constant
with temperature. The dimerization was found to be essentially com-
plete at room temperature and the heat of dissociation of the dimers
was reported to be 11.6 kcal/mole in excellent agreement with literature
values for low molecular weight carboxylic acids. However, Otocka
and Kwei^ criticized the use of the 1700 and 1750 cm" 1 carboxyl absorb-
ances to determine thermodynamic parameters. Due to the high pressure
polymerization process utilized in preparing the ethylene-carboxylic
acid copolymers, adventitious carbonyl groups are present as oxidation
products. Using a curve analyzer, an additional peak at 1735 cm" 1
was found in the IR spectra which could interfere with the analysis
using the 1700 and 1750 cm" 1 bands.
Otocka and Kwei selected the 935 cm" 1 absorption to follow the
temperature dependence of hydrogen bonding. This band is assigned to
the out-of-plane 0-H bend in the dimer and is observed to decrease in
intensity with increasing temperature in ethylene-acrylic acid copolymers
21
They assumed 100% dimerization at room temperature and found the AH
for dimer formation to be -11.5 kcal/mole. The method using the 935
cm" 1 band determines the association constant, Ka, which of course
should be the reciprocal of the dissociation constant, Kd, that is
determined in the method described above. However, in a study com-
paring the dissociation and association constants of acrylic and
methacrylic acid copolymers the reciprocal relationship did not hold.
The Kd's were found to be two to four orders of magnitude smaller than
the reciprocal of the Ka f s, meaning that the concentration of free
carboxyl groups will differ by at least an order of magnitude depending
on whether Kd or Ka is used. Although no conclusive evidence was
available for choosing the proper method, calculations based on the
935 cm" 1 band were chosen because of the possibility of interfering
absorbances at 1735 cm" 1 .
More recently, Japanese workers have published results of detailed
7 8IR studies using styrene-methacrylic acid copolymers. ' They report
a break in the absorbance vs. temperature plots for the 1700 and 1745
cm" 1 carboxyl bands and for the 3440 cm" 1 free OH band. These breaks
occur at temperatures corresponding to the copolymer Tg. The dissocia-
tion constants were calculated using the 1700 and 1745 cm" 1 absorbances
and the heat of dissociation, AH, is given as 7.32 kcal/mole for a
copolymer containing 15 wt % methacrylic acid.
The infrared spectra of ionomers has also been of interest. Ogura
Q
et al. have investigated the hydrogen bonding behavior of partially
neutralized styrene-methacrylic acid copolymers. Again using the 1700
and 1745 cm" 1 bands, their findings show an increase in the heat of
22
dissociation, AH, with increasing neutralization from 8.1 kcal/mole
for the acid copolymer to 14.5 kcal/mole for a 74% neutralized sodium
salt. The authors suggest this increase is related to a strengthening
of residual intermolecular hydrogen bonding by the introduction of ions.
Infrared has also been used to investigate the surrounding environ-
ment of chemical groups in ionomers. Cation environments have been
studied using far infrared spectroscopy. 9 ' 10 Li+
,
Na+
, K
+
and Cs+ salts
of ethylene-methacrylic acid copolymers were investigated at ambient
and low temperatures. A model was suggested consisting of cations
present in the vicinity of both carboxylate sites and hydrocarbon regions
Investigating the asymmetric stretching mode of the carboxylate ion in
ethylene- and butadiene-based methacrylic acid ionomers, Andreeva and
coworkers 11 concluded that ion pairs exist in at least two types of
ionic aggregates. The asymmetric stretch was observed to have two
components: one at 1550 cm-1 assigned to groups in ionic multiplets
and one at 1565 cm" 1 assigned to the same vibration in ionic clusters.
The relative amounts of each component were found to depend upon con-
centration, ion size and temperature. For K+ salts, the peak absorbance
of the 1550 cm" 1 band increased while the peak absorbance at 1565 cm" 1
remained constant with temperature up to 130°C. They note also that
the total integrated absorbance is constant for the 1550 cm" 1 absorbance.
The present work was undertaken in order to determine the proper
method for determining thermodynamic parameters of hydrogen bonding in
ethylene-methacrylic acid copolymers and the reasons for discrepancies
between values of Kd and Ka as determined by different methods. In
addition, it was hoped that the IR technique could give additional
information about ionic structure in the neutralized polymers.
B. Experimental
Two ethylene-methacrylic acid copolymers were obtained from the
DuPont Company through the courtesy of R. Longworth. A 3.5 mole %
copolymer was received as the zinc salt and was converted to the free
acid, denoted S3.5A, by refluxing in tetrahydrofuran with sulfuric
acid. Details are given in reference 12. The 6.1 mole % copolymer,
denoted S6.1A, was received in the acid form. Partial neutralization
of S6.1A was accomplished in dilute (1% solids) xylene solution by the
addition of freshly prepared sodium methoxide. This procedure has been
previously described. 5 Determination of the degree of neutralization
was accomplished using the integrated absorbance at 1700 cm" 1 . The
ionomer investigated was 45% ionized and denoted S6.1NA(45).
Thin films of the acid copolymers were cast onto sodium chloride
salt plates from 1% xylene solutions at 70°C. Excess solvent was
evaporated and the films were finally" dried at 90-100 °C in vacuo.
Film thickness was determined by two methods. The first was by the
total integrated absorbance of the 1700 cm" 1 band and the second by the
peak absorbance of the 935 cm" 1 band for which a calibration curve was
constructed for ambient temperature using thick compression molded films
Agreement between the two methods was excellent for film thickness of
the order of 10" 3 cm. Thin films of the ionomers were compression
molded at 180° and 20,000 pounds pressure. The solution cast or com-
pression molded films were sandwiched between two rectangular sodium
chloride windows and fitted into a homemade heating cell. Infrared
I
measurements were conducted using a Perkin Elmer Model 283 spectropho-
24
tometer. Temperature was monitored with a calibrated copper-constantan
thermocouple inserted into a hole drilled in one of the NaCl windows.
Temperature was continuously monitored using a digital readout. Dry
nitrogen was used to purge the heating cell. A cooling coil immersed
in liquid nitrogen allowed the purge gas to be precooled for subambient
measurements. The temperatures could be controlled to within ± 1°C.
Spectra were recorded using both ordinate and abscissa expansion with
instrument settings selected for quantitative measurements.
C
.
Results and Discussion
For quantitative infrared measurements the usual procedure is to
use Beer's Law which may be represented as:
A = ebc (2-1)
where A is the peak absorbance of the vibrating species in question,
e is the molar extinction coefficient, b the path length and c, the
molar concentration
. Using known concentrations , the extinction coef-
ficient e can be calculated, allowing an unknown concentration to be
determined by measuring A and b. However, the band half-width and
therefore the peak absorbance may vary as a function of temperature
.
Absorption bands will sometimes narrow and become greater in magnitude
as the temperature is lowered. In order to circumvent this problem,
the total integrated absorbance can be used. This is essentially the
area under the curve of absorbance vs. wave number. In general, this
integrated absorbance is constant with temperature assuming e, b and
c do not vary with temperature.
25
For determining the thermodynamic parameters of hydrogen bonding
in ethylene-carboxylic acid copolymers, Otocka6 has advocated following
the temperature dependence of the 935 cm-1 absorbance. This band has
been assigned to the out-of-plane OH bending motion of the hydrogen
14bonded dimer. The peak intensity of this band decreases with temper-
ature as would be the case if the concentration of hydrogen bonded OH
groups decreased. Figure 2-1 shows the results for the 935 cm" 1 band
in the case of S3.5A. It can be seen that both the peak absorbance
and the integrated absorbance increase monotonically with decreasing
temperature. The effect is significant, being greater than a 50% change
over a small temperature range. Also of interest is the fact that this
large increase occurs below the glass transition temperature of the
13polymer which is about 25°. The analysis by Otocka has assumed that
the absorbance at room temperature represents 100% dimerization and
the subsequent decrease in peak absorbance with increasing temperature
is due to a concentration change of hydrogen bonded OH groups. Clearly
from the plots in Figure 2-1, the changes in peak absorbance and
integrated absorbance cannot be entirely the result of changes in dimer
concentration, therefore this assumption is not valid.
In general, as noted above, the integrated absorption coefficient
is assumed to be independent of temperature. However for hydrogen
bonding systems, Davies and Sutherland, as early as 1938 observed a
variation of e with both concentration and temperature for several
carboxylic acids in solution.
15
For associated alcohols it has also
been observed that the integrated intensity of the 3540 cm"
1 OH stretch
C Li 16 » 17 T7
increases with decreasing temperature in a linear fashion.
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alcohols capable of intermolecular hydrogen bonding only, the increase
in integrated intensity can be the order of 60% from 300 to 200°K. 18
A valid explanation for this behavior has not been agreed upon in the
literature. However it may be due to a decrease in the distance between
hydrogen bonding species as the temperature is lowered. 18 Zerbi and
coworkers have recently reported on the infrared spectra of acetic acid
19in the solid state. Their study indicates that the out-of-plane OH
deformation mode is an unusually broad weak band whose position, width
and area are strongly phase, temperature and solvent dependent. They
observe a 25% increase in integrated area occurring for an 80° decrease
in temperature. They conclude that the behavior of this band can be
accounted for by a distribution of various bent geometries of the
0-H---0 group. This distribution then changes with temperature resulting
in changes in the force constant for the vibration.
This behavior of the extinction coefficient can be expressed as:
e = £ 0 + ct(T-T0 ) (2-2)
where a is the temperature coefficient and £q is determined at a refer-
ence temperature TQ . In the case of the 935 cm"
1 band, the temperature
coefficient a cannot be determined because the concentration of bonded
OH groups is also changing as a function of temperature. The out-of-
plane OH band for the monomeric species is found near 635 cm"* for
19formic acid but this absorption is obscured by other bands in the
spectra of the copolymers. In determining the concentration of hydrogen
bonded and non-hydrogen bonded species, it is usually assumed that the
temperature coefficient of e is about the same for both the monomer and
28
dimer bands and therefore relative peak heights or areas can be used. 20
Without the use of the monomeric out-of-plane OH band as a reference
to cancel the temperature dependence of e, the 935 cm" 1 absorbance
cannot be used to determine the concentration of hydrogen bonding species
as a function of temperature.
In the region 1600 - 1800 cm" 1 four overlapping bands have been
identified in ethylene-acrylic acid copolymers, the most important being
the 1700 cm" 1 hydrogen bonded carbonyl, the 1750 cm" 1 free carbonyl
and a band at 1735 cm" 1 assigned to carbonyls from adventitious oxida-
tion products. The relative magnitude of the 1735 cm" 1 absorbance was
not stated in reference 6, but it should be about the same in the acid
copolymers as found in low density polyethylene polymerized by free
radical high pressure method. Analysis of ARCO 161-1 low density poly-
ethylene revealed an absorbance at 1720 cm" 1 having an absorbance per
centimeter of 0.7 at 25°C. This value is less than 1% of the 1700 cm" 1
absorbance for S3.5A at 25° and about 10% of the 1750 cm" 1 absorbance
at 100°. The error introduced by carbonyl absorbances due to oxida-
tion products is thus negligible.
Figures 2-2, 2-3 and 2-4 show the temperature dependence of the
1700 and 1750 cm" 1 bands for S3.5A and S6.1A at several temperatures.
As the temperature is increased, the emergence of a peak at 1750 cm" 1
is evident as is the decrease in the 1700 cm" 1 peak. Baselines were
drawn as shown by the dotted line to calculate the absorbance of the
free acid peak. Figure 2-5 gives the absorbance of each peak as a
function of temperature for S3.5A. Several features should be noted.
The 1750 cm" 1 band is first detected . near room temperature and increases
29
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in magnitude with increasing temperature. This behavior is the same
as for the 3540 cm" 1 OH absorption. 7 The peak absorbance of the 1700
cm" 1 band increases linearly with decreasing temperature even below
the glass transition temperature (25°C) . Finally there is no obvious
break in the slope of the 1700 cm" 1 absorbance as a function of temper-
ature like that observed for the styrene-methacrylic acid copolymers. 8,9
The behavior of the dimer carbonyl peak absorption is then similar to
that of the 935 cm" 1 band in that there is a significantly large increase
in peak absorbance at temperatures below which the concentration of
hydrogen bonded carbonyls is assumed to be fixed. Relating this effect
back to Beer's lawe, eq. (2-1), would imply that the extinction coef-
ficient, e, is changing with temperature.
To determine if the extinction coefficient is actually changing
or whether the band shape is being influenced by temperature, the total
integrated absorbance was determined for the carbonyl region. Areas
under the curves were analyzed using a planimeter. Replicate determi-
nations increased experimental precision . Using the dotted baselines
shown in Figures 2-2, 2-3 and 2-4 the area under the 1750 cm" 1 peak
was determined along with the total area under both absorbances. Figure
2-6 shows the results for the 6.1 mole % acid copolymer. As seen in
the figure there is only a slight change in the total area with temper-
ature of about 5% over a range of 150°. The area under the 1750 cm"
1
peak is resolvable only above room temperature and increases exponen-
tially with increasing temperature.
The shape of the curve of the 1750 cm" 1 band vs. temperature is
expected to be sigmoidal. Because the hydrogen bonding is an equilibrium
34
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process, the curve will asymptotically approach zero at low temperatures
If degradation did not occur, the 1750 cnT* curve should also asympto-
tically approach the curve for the total carbonyl area at high temper-
atures. Only near 50% dimerization will the integrated absorbance vs.
temperature relationship be linear.
The structure of the hydrogen bonded dimers may be schematically
represented as:
v ^0-...H0 /
* N)H----0^ <
and the chemical equation of the dimerization reaction is
<C00H) 2 7^ 2-C00H (2-3)
C
Ka
where Kd and Ka are the dissociation and association constants for the
reaction. Kd is defined as
_
[-C00H] 2
Kd
" [-(C00H) 2 ]
(2" 4)
where [COOH] is the concentration of monomeric carboxyl groups and
[-(C00H)2] is the concentration of dimerized carboxyl groups.
Kd was evaluated using two methods for each copolymer. The first
method consisted of using the ratio of the 1750 cm" 1 to the 1700 cm" 1
peak absorbance. This method has been used by several workers with
3 8 9
the s tyrene-methacrylic acid copolymers ' * and is essentially the
method used by MacKnight et al. in previous studies on ethylene-
methacrylic acid copolymers . ^ It is established from Figure 2-4 that
36
the band shape of the 1700 cm" 1 peak changes with temperature and that
the peak absorbance therefore is a function of temperature as well as
concentration. However, it is assumed that this temperature variation
is the same for both the monomer and dimer carbonyl absorbances. The
validity of this assumption is born out by the results obtained in
3 8 9 20 21
other hydrogen bonding systems. 99 9 From measurements on pivalic
acid in benzene, the extinction coefficients of the free and hydrogen
bonded carbonyl bands are found to be nearly Identical. Therefore
the ratio of the two peak absorbances should give the relative fraction
of free carboxylic acid groups. Calculation of the total concentration
of acid groups then allows the determination of Kd at each temperature.
Because of the band shape changes with temperature, Kd's were also
calculated using the relative areas of the absorbances due to the
monomer and dimer species.
From thermodynamics, the dissociation constant can be expressed as
Kd = exp(-AH/RT + AS/R) (2-5)
where the variables have their usual meaning. Therefore
-In (Kd) AH/RT - AS/R (2-6)
and a plot of the logarithm of the dissociation constant vs. reciprocal
temperature allows the determination of AH and AS. Figures 2-7 and
2-8 are van't Hoff plots from which the heat of dissociation, AH, can
be extracted from the slope. For S3.5A the data from both peak heights
and areas give similar lines with AH equal to 13 kcal/mole from the
peak heights and AH equal to 12 kcal/mole from area measurements. The
37
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values of AH for S6.1A are 12 kcal/mole from area measurements and 11
kcal/mole using the peak heights. Since these values are for the
dissociation of dimers, each hydrogen bond has a bond strength of about
6 kcal/mole, in excellent agreement with literature values for low
molecular weight compounds. Values of the change in entropy, AS, range
from 10 to 16 eu/mole. These numbers are also in agreement with litera-
ture values. The thermodynamic parameters are listed in Table 2-1.
The equilibrium of hydrogen bonding was also investigated for the
partially ionized polymer S6.1NA(45) which has 55% of the total carboxylic
acid groups available for hydrogen bond formation. The temperature
dependence of the infrared spectrum from 1800 cm" 1 to 1500 cm" 1 is
shown in Figure 2-9. It can be seen from the figure that as tempera-
ture increases the absorbance centered at 1700 cm" 1 resolves into two
peaks - the other being located near 1750 cm" 1 . As with the acid
copolymers, essentially all of the unionized carbonyls are hydrogen
bonded at room temperature. At the highest temperatures, decomposi-
tion occurs resulting in the formation of anhydride linkages. The
anhydride formation results in additional absorbances at 1780 cm" 1 and
1725 cm" 1 which are characteristic of linear anhydrides. This finding
is consistent with the assertion that the carboxylic acid comonomer
units are not blocky along the chain. Using the ratio of peak heights,
(1750 to 1700 cm" 1 ) the dissociation constants at each temperature
were calculated and a van't Hoff plot constructed from which AH was
estimated. This plot is shown in Figure 2-10 with the AH calculated
to be 20 kcal/mole or about a 60% increase compared to the acid. This
9
result agrees qualitatively with the work of Ogura et al. on styrene-
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TABLE 2-1
Thermodynamic Parameters Obtained From van't Hoff Plots
Polymer AH kcal/mole AS e.u./mole
S3. 5 (peak) 13 16
(area) 12 13
S6.1 (peak) 11 10
(area) 12 12 B
S6.1NA(45)
(peak) 20 35
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methacrylic acid based ionomers. They found a 40% increase in AH for
a 41% sodium salt of a copolymer .containing 20 mole % methacrylic acid
and suggest the increase is a result of the introduction of ions.
The entropy change, AS, of 35 e.u./mole is also found to be much
higher than for the acid copolymers. It should be remembered that
the values of AH and AS only reflect differences between the initial
and final states and reveal nothing about the barrier between the two
states. Many reasons for the different thermodynamic values could be
speculated upon. The process of ionic exchange occurring in the ionomer
could effect the dimerization reaction. Also with the introduction of
ionic domains, the dielectric constant of the medium is increased, which
would effect the equilibrium. An environment of high dielectric con-
stant would favor the monomeric acid species. However it is not known
whether the unionized carboxylic acid species are located within the
ionic phase or the hydrocarbon phase.
Referring back to Figure 2-9, it can be seen that the absorbance
assigned to the asymmetric carboxylate stretching motion at 1565 cm" 1
is composed of at least two overlapping peaks at room temperature.
These are located at about 1560 and 1580 cm" 1 . This splitting was
observed in butadiene-methacrylic acid copolymers by the Russian workers
in reference 12. They conclude that the lower frequency absorption,
in the present case 1560 cm" 1 , is due to carboxylate groups located in
ionic multiplets and the higher frequency vibration, 1580 cm" 1 , is
assigned to the same vibration in ionic clusters. As seen in the figure,
the high frequency shoulder is reduced in size with increasing tempera-
ture. Interpreting the behavior of S6.1NA(45) in Figure 2-9 with the
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above assignments indicates that the fraction of carboxylate groups
located in clusters diminishes with increasing temperature. This con-
clusion is consistent with theoretical treatments of cluster formation
based on elasticity theory. 16 However, the assignment of the two
frequencies to carboxylate groups in different environments may be
subject to question. For the case of hydrogen bonding, the stretching
modes are shifted to lower frequencies by the close interaction with
other species. In the above assignments, the vibration due to the more
ordered environment (cluster) is at a higher frequency than for the
less ordered multiplet. The assignment of the overlapping peaks near
1565 cm" 1 must therefore remain speculative until further evidence is
obtained
.
Another notable feature of Figure 2-9 is that the peak intensity
and total integrated abosrbance of the 1565 cm" 1 band decreases with
increasing temperature. This is contrary to the results of both Andreeva
and Ogura. The former states that the integrated absorbance is constant
< 12
while the relative amounts of the two components is changing . In
9
Ogura' s work with s tyrene-methacrylic acid based ionoraers the peak
absorbance at 1560 cm" 1 is shown to be constant from ambient to 200°C
-
This phenomenon is not a result of sample loss. As seen in Figure 2-11
the trend is reversed during the cooling cycle. However due to anhydride
formation, the integrated area is slightly less after the experiment
than before. At present there remains no explanation for this behavior.
D. Conclusions
Infrared analysis can be used to determine the temperature dependence
of hydrogen bonding in ethylene-methacrylic acid copolymers using the
45
46
absorbances at 1700 and 1750 cm' 1 assigned to the dimer and monomer
carbonyl stretch, respectively. The presence of adventitious carbonyls
due to oxidation products introduced during polymerization does not
significantly affect the determination of peak absorbances or integrated
absorbances in this region. Unambiguous results cannot be obtained
using the 935 cm" 1 band to determine thermodynamic parameters. The
heat of dissociation for the two polymers investigated was calculated
to be 12 kcal/mole of dimers which is in good agreement with previous
values determined for both polymers and low molecular weight carboxylic
acids. The dimerization is essentially complete at room temperature.
The behavior of carboxyl groups in the partially neutralized salt
is similar to that of the parent acid copolymer. An equilibrium between
monomer and dimer is established at elevated temperatures with a heat
of dissociation equal to 20 kcal/mole in the case of S6.1NA(45). The
carbonyl asymmetric stretch located near 1565 cm' 1 in the sodium salt
consists of at least two overlapping peaks at room temperature. The
shoulder at 1580 cm" 1 decreases relative to the main peak (1560 cm" 1 )
as temperature is increased. Contrary to results by other workers on
similar ionomers, a decrease in peak and integrated absorbance for the
total 1565 cm" 1 peak is observed with increasing temperature. This
behavior is reversible with decreasing temperature.
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CHAPTER III
RHEOLOGY OF IONOMERS
A. Introduction
1. Dynamic Mechanical Properties
The dynamic mechanical behavior of ionomers was briefly intro-
duced in Chapter I and will be discussed in more detail here. Eisenber
and Navratil have studied the dynamic mechanical properties of styrene-
sodium methacrylate ionomers. 1 A torsional pendulum apparatus was
utilized operating between 0.03 and 1 Hz. Of particular interest are
the loss tangent data. For all samples, the peak corresponding to the
glass-rubber transition increases in temperature as a function of ion
content. This is consistent with the results of differential scanning
calorimetry and modulus-temperature studies. For samples between 1
and 6 mole % salt an additional peak in tan6 was observed. The posi-
tion of this upper peak is relatively insensitive to ion concentration
and remains near 150°C. For ionomers containing more than 6 mole %
ionic groups, no upper peak was found and the loss tangent increased
steadily after the T peak. The high temperature peaks are attributed
to a dissapitive process in the ionic phase. This process cannot be
the result of the total break-up of clusters because above this temper-
ature, the primary relaxation process is still retarded. The authors
conclude that the broad increase in tan6 above Tg for the materials
above 6 mole % suggests a continuous change in the structure of the
ionic phase or a gradual softening of clusters.
The dynamic mechanical properties of ethylene ionomers have been
2 3 5investigated by several workers. * 9 9 In general, the responses of
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both the parent acid copolymer and ionomers resemble that of low density
polyethylene. At the lowest temperatures, there is a large loss peak,
the Y relaxation occurring near
-120°C. This relaxation has been
assigned to motions in both the crystalline and amorphous phases in
polyethylene. For both the acid copolymer and an ionomer McKenna et
al. were able to decompose the y peak into two peaks. 7 The relaxation
strength of the lower temperature peak correlated with the degree of
crystallinity while the higher temperature peak was found to be pro-
portional in size to the amount of amorphous material. Since the degree
of crystallinity in ethylene-carboxylic acid copolymers and ionomers
is very low, the y relaxation is best described as due to crankshaft
motion of short hydrocarbon segments in the amorphous phase.
In the acid copolymers a relaxation occurs at temperatures between
0° and 50° depending on the amount of coraonomer. This relaxation is
termed B f and is assigned to microbrownian segmental motion accompanying
the glass transition temperature. Otocka and Kwei have examined the
gdynamic mechanical behavior of ethylene-acrylic acid copolymers. A
series of four copolymers ranging in acid content from 0.66 to 2.78
mole per cent was studied. With increasing acid content, the peak was
observed to increase in temperature in a regular fas ion . The results
were compared to calculated values obtained using a simple copolymer
equation assuming the polymers to be copolymers of branched polyethylene
and polyacrylic acid. The calculated values of T
g
were considerably
lower than those determined experimentally. This difference was
explained by assuming a crosslinking effect due to dimerized carboxyl
groups. A linear relation between the temperatures and crosslink
51
density was obtained using the Fox-Loshaek equation. 9 A similar increase
in the 8' temperature for ethylene-methacrylic acid copolymers was found
2by Longworth and Vaughan.
As the acid groups are neutralized, the intensity of the 6 T peak
diminishes and a new relaxation labeled B appears at lower temperatures
(-20 to 0°C)
.
This temperature is where the B relaxation in branched
polyethylene is found. MacKnight et al. postulate that this relaxation
is due to the amorphous branched polyethylene phase from which most of
the ionic material has been excluded. This assignment assumes that
most of the ions are segregated into clusters. Supporting evidence
for this assignment comes from the work of Longworth and Vaughan. 2 For
sodium methacrylate ionomers, they observe a large increase in relaxa-
tion strength and a slight decrease in the 6 temperature for a series
of polymers containing 5, 10, 15 and 20 weight per cent copolymer.
The results of MacKnight and coworkers indicate that there is little
or no temperature variation in the B peak as a function of ion content.
On the other hand, Otocka and Kwei do report a regular increase
in the B relaxation temperature with increasing ionic coraonomer content .
^
For ethylene-acrylic acid copolymers neutralized to sodium and magnesium
salts they report a linear relationship between To and mole % ions.
The polymers studied contained less than 2.8 mole % comonomer which is
much lower than for the methacrylic acid copolymers discussed above.
The data of Otocka and Kwei are explained on the basis of a simple
copolymer equation which implies that the ionic groups are dispersed
randomly on a molecular level throughout the amorphous phase.
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The a relaxation in polyethylene, located near 70°C, is associated
with motions in the crystalline phase. 10 ' 11 Depending on thermal
history, acid copolymers containing only small amounts of carboxylic
acid comonomer may exhibit a similar relaxation. Upon ionization a
new peak in the ionomers is observed near 50°C and also termed a. This
peak moves to higher temperatures with increasing ion content. 2,3 ' 8
Since crystallinity decreases with increasing amounts of acid comonomer,
this relaxation cannot be related to the crystalline phase. The a
relaxation in the ionomers is attributed to motions of backbone segments,
including pendent carboxylate groups, and is thought to reflect the
softening of the ionic domains.
2. Melt Rheology
a. Low Molecular Weight Polymers
The melt properties of metal dicarboxylates have been
studied by various workers 12,13 and reviewed by Economy and Mason. 14
12Cowan and Teeter determined solution viscosities of the zinc salts
of dimeric linoleic acid (zinc dimerate) . These compounds contain two
carboxyl groups and have a molecular weight of about 500 - 600. As the
concentration in amine solution increased it was found that more and
more association of the zinc ion-dimerate ion combination occurred.
This resulted in a greater apparent average molecular weight. Molecular
weights were estimated to be consistent with up to 25 repeat units
associating end to end.
13
Economy et al. give evidence that in the molten state, rapid
interchange of the metal carboxylate bonds can occur in these systems.
Blending experiments were performed using calcium dodecanedioate and
calcium azelate. Infrared spectra gave evidence for the interchange.
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Using sodium ions as chain terminators, the time average molecular
weight of calcium sebacate was found to correspond to about 10 repeat
units. These bulk viscosities measurements (melt index) were determined
at high temperatures, 200 - 400°C. The rate of bond interchange was
found to increase due to the presence of sodium.
Cooper investigated the flow behavior of low molecular weight
butadiene-methacrylic acid copolymers neutralized with various divalent
cations. 15 He determined that the activation energy for viscous flow,
AE, increased with increasing acid content. AE was found to be 12 to
30 kcal/mole depending on both the acid content and the nature of the
cation
.
Otocka, Hellman and Blyler investigated the bulk viscosity of
carboxy-terminated butadiene polymers of low molecular weight neutralized
1
6
with mono- and divalent cations. The results were compared to those
of the methyl ester terminated polymers. Their experiments show that
end group association occurs even with the monovalent salts. Analysis
of the data for the acid terminated polymers in terms of apparent mole-
cular weight was found inadequate to analytically determine the degree
of hydrogen-bonded dimer formation. In the case of the ionized polymers,
however, the viscosity was found to be a function of apparent molecular
9
weight which was calculated based on a modified Fox-Loshaek equation.
In the calculations, the degree of ionization, and the probability, P,
of end group association were included as parameters.
At 25°, viscosities of monovalent salts were found to follow the
3.4 power of the apparent molecular weight. At 75° the probability
P had to be reduced to 0.9 in order to fit the 3.4 power relationship.
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Using values of P at different temperatures, crude estimates of the
association constant, Ka, could be calculated and therefore the enthalpy
of association determined. The average energy was -25 kcal/mole. The
viscosities of divalent salts exceeded the 3.4 power relationship at
low temperatures, suggesting ionic aggregates are formed of more than
two ion pairs. Viscous flow activation energies varied from 17 kcal/
mole for the 100% cesium salt to 24 kcal/mole for the 100% lithium
salt. Similar values were reported for the divalent salts,
b. High Polymer Melt Rheology
(1) Styrene Based lonomers
Longworth and Morawetz first investigated the melt
rheology of styrene-methacrylic acid copolymers in 1958.^ The mate-
rials studied were copolymers containing 1.5 to 23 mole % acid comonomer
with weight average molecular weights of about 40,000. Viscometric
measurements were obtained using a parallel plate plastometer. Typical
shear thinning was observed and a pronounced increase in apparent
viscosity and viscous flow activation energy was observed as the
fraction of acid comonomer increased. This increase in viscosity and
activation energy, compared to the same molecular weight polystyrene
at the same temperatures, was attributed to the presence of hydrogen
bonding.
Fitzgerald and Neilsen however, disagree with this interpretation.''
They note that since methacrylic acid copolymers with styrene have a
higher glass transition temperature than polystyrene, it would be
expected that the viscosities of the copolymers would be greater than
that of the same molecular weight polystyrene, when compared at the
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same temperature. When the data of Longworth and Morawetz are corrected
so that the acid copolymers and polystyrene are compared at equal dif-
ferences between the experimental temperature and the glass transition
temperature, the authors note that the viscosities are then similar.
The melt rheology of blends of polystyrene and s tyrene-methacrylic
acid based ionomers was investigated by Iwakura and Fujimura. 19 For
15 weight % Na and Zn salts, the authors report a sharp rise in zero
shear viscosity n 0 as the degree of neutralization is increased. For
the zinc salt at 260°C, a plot of log n 0 against weight % Zn shows an
initial sharp increase then a gradual leveling off occurring near 10%
20zinc content. In reviewing this work Eisenberg suggests that this
behavior is associated with the formation of clusters.
21Shohamy and Eisenberg investigated the melt rheology of styrene
ionomers containing up to 7.7 mole % sodium methacrylate . The dynamic
storage modulus, G'
, and dynamic storage viscosity, n 1 , were determined
as a function of frequency from 10~ 2 to 40 rad/sec for the ionomers,
their methyl esters and acid copolymers. In the temperature range
studied, time-temperature superposition was found applicable for all
the materials investigated. Measurements were taken over a narrow
temperature range (usually 15 to 30°C) which may have accounted for
the apparent superposition for ionomers containing the higher portions
of ionic groups.
It is most interesting that for the ester, acid and salt deriva-
tives of each copolymer, the shapes of the G f vs. frequency curves
were identical when the temperature was chosen to give modulus values
of 10 4 to 10 6 dvnes/cra2 . Therefore master curves for each of the three
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derivatives could be made to superpose by selecting the proper reference
temperature for each.
The differences in temperature, AT, required for superposition
of the individual master curves were related to intermolecular forces
occurring in the polymers. For a 1.5 mole % copolymer, the ratio of
AT for ester-salt to the AT for ester-acid was found to be 4.8. This
value is approximately equal to the ratio of AH for the formation of
an ion quartet from two ion pairs (25 kcal/mole) to the AH for the
formation of hydrogen bonded dimers (6-10 kcal/mole). In addition, the
AT for ester-salt pairs was found to be a function of ion concentration
giving a sigmoidal plot in contrast to the linear relation expected
for ester-acid AT's.
Steady-state and dynamic viscosity measurements were carried out
by Erhart et al. on a series of styrene- (n-butylmethacrylate)
-
(potassium
methacrylate) terpolymers obtained by partial hydrolysis of styrene-
22(n-butylmethacrylate) copolymers. For several molecular weights and
styrene contents, the effect of ionization was to linearly increase
the logarithm of no as a function of ion concentration up to 6.9 mole
% K+ . For the copolymers containing 39 mole % styrene, plots of G T
as a function of frequency were horizontally shifted to give time-
temperature superposition. Using T = Tg + 30 as the reference tempera-
ture, the shapes of the master curves were very similar up to 2 mole %
salt. The data for the 4.1 mole % sample deviated appreciably. Similar
plots of shift factors against temperature were almost the same for
the lower concentrations of ions but were quite different for the 4.1
mole % sample. The authors suggest that this is due to the onset of
clustering.
(2) Ethylene Based lonomers
There are several papers in the literature discussing the
melt rheology of ethylene-carboxylic acid copolymers
.
23 24 25
The high
shear rate rheology of ethylene-acrylic acid and
-methacrylic acid
copolymers was studied using a capillary extrusion rheometer
.
23 1 24
The results were compared to those of the 85% methyl ester of the acid
groups obtained by reaction with diazomethane in xylene solution. Com-
parison of viscosity-shear rate curves obtained at identical temperatures
revealed an enhanced viscosity for the acid copolymers compared to the
ester derivative. In addition the flow activation energies for the ac-
ids were higher than for the respective esters. These results led the
authors to conclude that hydrogen bonding does substantially effect the
flow properties and that the hydrogen bonded dimers act effectively
as temporary (quasi-) crosslinks
.
The oscillatory shear flow of a series of ethylene-acrylic acid
25copolymers and their methyl esters was also investigated. Similar
results to those obtained at high shear rates were observed. Activation
energies, obtained from the slope of no against reciprocal temperature,
increased as the acid content was increased and were reduced by converting
to the es ter form. Again the experimental results were taken as evidence
that hydrogen bonds act as temporary (quasi-) crosslinks even in the
zero shear rate region and the effect is therefore independent of shear
rate
.
Pieski measured the melt viscosities at 190° of a series of ethylene-
methacrylic acid copolymers containing up to 15 mole % methacrylic
26
acid. The weight average molecular weights were determined by light
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scattering. A multiple regression analysis of the viscosities with
respect to acid content and molecular weight indicated that the influence
of the acid comonomer on the viscosity is small, but significant, com-
pared to the effect of molecular weight.
Previously unreported results of melt rheological studies on
ethylene-methacrylic acid based ionomers have been reviewed by Longworth.
Low shear stress viscosities were determined for partially or wholly
neutralized copolymers containing up to 18 mole % methacrylic acid.
Typical results show a dramatic increase in viscosity at low shear
rates with increasing neutralization. Shear thinning occurs at higher
shear rates where the effect of neutralization on viscosity is not as
great. This fact suggests that at the higher shear rates some unit of
flow in the ionomer may be breaking down.
The low shear stress viscosities (at 4 x 10 3 dynes/cm2 ) for the
acid copolymers and ionomers were compared to that of an ethylene
homopolymer, allowing the calculation of a relative viscosity, n r > as
the viscosity ratio of the copolymers to the homopolymer. A plot of
log n r against mole % methacrylic acid showed a linear relationship.
Correcting for partial neutralization, the plot of log n r against mole
% sodium methacrylate also gave a straight line, however, with a much
greater slope.
The temperature dependences of the viscosities of the same polymer
series were also determined between 120° and 180°C. The activation
energies for viscous flow were found to increase linearly with the
fraction of acid comonomer for both the free acids and ionomers. At
a shear rate of 1 sec" 1 , AE increased from 10 kcal/mole for branched
polyethylene to about 30 kcal/mole for a 40 weight % copolymer. Only
a slight increase in AE was observed in the ionomers compared to the
acid copolymers. Considering that the temperature dependence of the
viscosity may be due to free volume effects, the data were treated
using the WLF method of reduced variables. 28 The theory gives the
temperature dependence of the shift factor aT as
1
-A (T-Ts )l0g aT = B + (T-T8 )
where Ts is an arbitrary reference temperature and T is the temperature
at which aT is determined . T s was selected such that
T
s
" T g + TQ (3-2)
and TQ was the same for all the materials considered. A large, non-
linear increase in AE is predicted with decreasing temperature from
this equation. The results of applying the WLF equation to the series
of copolymers and ionomers discussed above resulted in a smooth curve
with A and B calculated to be 3.33 and 243.0 respectively. T s was
found to increase with both the percent acid comonomer and the degree
of neutralization. Thus small differences in Tg can account for the
differences in activation energies.
Bonotto and Bonner have also investigated the melt properties of
29ionomers. They report that there is little difference in the viscosity
vs. shear rate behavior for monovalent and divalent salts at equivalent
degrees of neutralization. The viscosity curves for ethylene-acrylic
acid copolymers neutralized with one equivalent of sodium or one-half
equivalent of calcium or magnesium are seen to be virtually the same
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at 190°C. Therefore, they conclude that the melt viscosity is more
sensitive to the degree of ionization than to the valency of the
neutralizing ion,
Rees has reported on the synthesis and properties of ethylene-
methacrylic acid copolymers post-reacted with aliphatic diamines. 30
Infrared spectra indicated that the resulting products are salts, and
probably contain both intermolecular and intramolecular ionic links.
The room temperature properties of these polymers are similar to the
alkali metal salts (ionomers) , but the effect of diamine neutraliza-
tion has a negligible effect on the melt viscosity, as measured by the
melt index test at 190°C. This behavior is thought to be due to the
complete dissociation of the ion pairs at elevated temperatures.
The dynamic and steady shear rheogoneometry of an ethylene-meth-
acrylic acid copolymer and its sodium and calcium salts was investigated
31by Sakomoto et al. Correspondence was found between the steady shear
viscosity and the absolute value of the complex viscosity for the acid
copolymer which contained 4.1 mole % acid groups. Time-temperature
superposition was found applicable to the acid copolymer but not to
the salts . The s teady shear viscosities for the ionomers were found
to be greater than the dynamic viscosities at each temperature and
dynamic viscosities tended to converge at the highest frequencies
(about 63 rad/sec) . These findings are taken as support for a two
phase structure for the ionomers, which is temperature dependent.
The work outlined in this Chapter was undertaken in an attempt
to clarify the importance of hydrogen bonding and ionic interactions
for rheological behavior in the melt. The dynamic mechanical measure-
ments were conducted primarily to locate the glass transition tempera-
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tures of the polymers investigated in the melt rheology studies. By
using the same polymer backbone for ester, acid, and salt derivatives
the complications of molecular weight, its distribution, and the degree
of branching could be avoided. By selecting the ester derivative as
the reference material with little or no interchain effects, hydrogen
bonding could be investigated through the acid copolymer and ionic
interactions through the salts.
B. Experimental
1
. Materials
The two ethylene-methacrylic acid copolymers studied were
obtained from the DuPont Company. The polymer containing 3.5 mole %
methacrylic acid was received as the partially neutralized zinc salt.
The other polymer was originally in the free acid form and contained
6.1 mole % methacrylic acid (denoted S6.1A). Acid contents were deter-
mined by titration and oxygen analysis.
The zinc salt of the 3.5 mole % copolymer was first converted to
the free acid. The zinc salt pellets (designated S3.5Zn) were dispersed
by stirring in tetrahydrofuran (THF) - p-xylene solvent (95/5, v/v) at
80°C. The reaction vessel was a three-necked round bottom flask. Dry
nitrogen was continuously bubbled into the solution. Excess sulfuric
acid, based on moles of methacrylic acid comonomer, was diluted in THF-
p-xylene and slowly added dropwise from a dropping funnel into the
dispersion. The reaction is driven to completion by the precipitation
of insoluble zinc sulfate from the reaction solution. The acid copolymer
then dissolves, leaving a cloudy dispersion of ZnSO^. The hot reaction
mixture was dumped into excess methanol to precipitate the polymer.
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After filtering and washing with methanol, the polymer was digested in
hot methanol for several hours then refiltered and dried at 80°C in a
vacuum oven. This polymer was labeled S3.5A.
The acid copolymers were converted to the methyl ester using an
acid chloride intermediate. A 1% solution of the S3.5A acid copolymer
was obtained in spectrograde carbon tetrachloride by heating at reflux
under nitrogen. This solution was cooled to 60°C resulting in a hazy
appearance. Over a period of 10 minutes, an excess of oxalyl chloride
(C 20 2 Cl2) was added dropwise through a rubber serum cap using a syringe.
Gas was seen to evolve and the resulting acid chloride solution was
clear. The reaction was allowed to continue for several hours after
which the conversion to acid chloride was checked by infrared analysis
of a film cast onto an NaCl window. Absence of the band at 1700 cm" 1
due to the acid carbonyl and appearance of a new absorption at 1800
cm" 1 assigned to the acid chloride carbonyl indicated complete conver-
sion. A slight excess of spectrograde methanol was then added dropwise
along with a catalytic amount of pyridine. Again the solution turned
hazy and gas was evolved. After three hours reaction time, 100% of
the methyl ester was formed. This was confirmed by the appearance of
an absorption at 1735 cm" 1 assigned to the ester. The reaction mixture
was dumped into a large excess of methanol, filtered, x^ashed with
methanol, and dried in a vacuum oven at 60°C. This polymer was labeled
S3.5E.
Because of insolubility problems with CCl^, distilled p-xylene
was used as the solvent in the preparation of the methyl ester of the
6.1 mole % copolymer. The reaction and work up described above were
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then successfully carried out with similar success resulting in 100%
conversion to the methyl ester, designated S6.1E.
The neutralization of the acid copolymers was carried out in
p-xylene solution. The procedure involved dissolving the acid copolymer
(1% solids) at reflux under nitrogen, then adding dropwise, freshly
prepared sodium methoxide. The ionized polymer usually began to pre-
cipitate out of solution as the reaction neared completion. After
reacting for one-half to one hour the mixture was poured into a large
volume of methanol. The polymer was isolated by filtering, digested
in hot methanol, refiltered and washed, then dried under vacuum at
80°C for several days. The percent neutralization was determined
3 2
using the integrated IR absorbance at 1700 cm" 1 as described elsewhere.
Large batches of approximately 10 to 15 grams each were prepared for
the rheological studies. These were the 70% neutralized salt of the
3.5 mole % copolymer (denoted S3.5NA(70)), the 78% neutralized salt
of the 6.1 mole % copolymer (S6 . 1NA(78) ) , and the 45% neutralized salt
of the 6.1 mole % copolymer (S6 . 1NA(45) )
.
Films were compression-molded at 10,000 pounds pressure at 150-160°C
for the ester and acid materials and at 180-210°C for the sodium salts.
The films were removed hot, then quenched to room temperature and
stored in a desicator until used.
2 . Characterization
The molecular weights of the ester derivatives were determined
by gel permeation chromatography in trichlorobenzene at 143°C. The
results are listed in Table 3-1 and are typical of low density poly-
ethylene. Melting points were determined on a Perkin-Elmer Model DSC-2
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TABLE 3-1
Molecular Weights of the Ester Derivatives
(Polystyrene Calibrated)
Material Mn Mw Mw/Mn
S3 - 5E 9,400 86,000 9.2
S6.1E 5,400 25,500 4.7
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apparatus and taken as the point of maximum excursion from the baseline.
These values are listed in Table 3-2 and are for annealed materials.
3
.
Measurements
a. Dynamic Mechanical Measurements
Dynamic mechanical measurements were carried out on a
Vibron dynamic viscoelas tometer
, Model DDV-II (Toyo Measuring Instruments
Company). The temperature range was -160 to 100°C and the frequencies
employed were 3.5, 11 and 110 Hz. Samples were heated at 1-2°C per
minute under dry nitrogen. Samples were cut from compression molded
films
.
b. Melt Rheology
Dynamic and steady shear data were taken in the melt using
a Rheometrics Model RMS 7220 mechanical spectrometer. The temperature
range was 100-200°C and dry nitrogen gas was used to constantly purge
the sample chamber. The cone-and-plate geometry was used for the
steady shear experiments with dimensions of 2.5 cm as the diameter
and a 0.1 radian cone. Accessible shear rates were 10" 2 to 10 sec' 1 .
Two methods were employed for the dynamic experiments. The
first used was the eccentric rotating disk (ERD) geometry. This
33technique has recently been reviewed by Macosko and Davis. Twenty-
five millimeter platens were used and sample thicknesses were about 1
mm. S trains were corrected for displacement owing to instrument com-
pliance. The second dynamic technique was oscillating parallel plates,
(OPP)
,
which consisted of locking the bottom platen in position and
displacing the top platen at small amplitudes over a range of frequencies
The phase angle, storage modulus, and loss modulus could be read directly
66
TABLE 3-2
Melting Points Determined by DSC
Material fm
>
° c Material
S3 ' 5E 94 S6.1E
S3.5A 95 S6.1A
_Tm , °C
93
93
S3.5NAC70) 83 S6.1NA(78) 93
from the instrument. Agreement between the two methods was excellent.
Again, nitrogen gas was used to purge the sample chamber. Replicate
tests were usually within ±5%.
C. Results and Discussion
1. Dynamic Mechanical Measurements
Figures 3-1 through 3-6 are the plots of the storage and loss
moduli for the ester, acid, and salt derivatives of the two copolymers
studied. The films investigated were quenched to reduce the degree of
crystallinity and enhance the 8 relaxation. The ester and acid materials
exhibit two relaxation regions. The broad lower temperature relaxation,
labeled y • is typical of polyethylene and is best described as due to
crankshaft motions of short methylene segments in the amorphous phase.
At higher temperatures, near
-20°C, the 8 relaxation is observed for
the ester derivatives. This relaxation occurs at -19°C for S3.5E and
at -24°C in S6.1E. This is in the vicinity of the temperature where
the 8 relaxation of branched polyethylene is located and is assigned
to microbrownian segmental motion accompanying the glass transition.
In the acid copolymers, this relaxation is moved to higher temperatures
due to copolymerization and hydrogen bond crosslinking effects and
labeled 3 ? . As observed with similar polymers, the Tg increases with
increasing acid content.
Figures 3-3 and 3-6 show similar plots for two ionomers. In the
case of S3.5NA(70), the 3 relaxation moves to -10° which is roughly
the same position as in the ester. Similarly in S6.1NA(78) the 8 peak
moves to -12°C. The drop in storage modulus in Figure 3-3 at 46°C is
associated with the a relaxation. A similar drop at 60° for S6.1NA(78)
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occurs and is accompanied with a small peak in the loss modulus. Thus
it is seen that the a relaxation increases in temperature with increasing
ion content while the 6 relaxation remains at about the same location.
The peak positions are listed in Table 3-3. The dynamic mechanical
behavior is similar to previous work and likewise indicates that the
ionic groups are segregated into a separate phase.
An important parameter which will be utilized in the analysis of
the melt rheological properties is the temperature difference between
the glass transition temperatures of the acid and ester derivatives
of each series. As will be discussed below, the melt properties are
dependent on the temperature elevation above T~. The AT a between estero g
and acid polymers is 43°C for the S3. 5 polymers and 57°C for the S6.1
polymers
.
2. Melt Rheology
a. Ester and Acid Copolymers
Figures 3-7 to 3-10 show the frequency dependence of the
absolute value of the complex viscosity |n*| and the shear rate dependence
of the apparent viscosity n a for S3.5E, S3.5A, S6.1E and S6.1A, respec-
tively. It is apparent from inspection of these figures that there
is excellent correspondence between the absolute value of the complex
viscosity, |n*| , vs. frequency and the apparent viscosity, n a , vs.
34
shear rate. This result is predicted by molecular theories and found
35 36
to be the case for some polyethylene and polystyrene melts. 9 Corre-
spondence between n a and |n*| was also found to occur for the methacrylic
39
acid copolymer studied by Sakomoto et al. For the higher temperatures
it was more convenient to use the dynamic experiment to determine
viscosities for S6.1E because of the wider frequency range available.
TABLE 3-3
Dynamic Mechanical Relaxation Temperatures
Material Ty> °C t 6 , °C
S3.5Ea
_i26
S3.5Aa _ 110
-18
25
S3.5NA(70) a
-122 _10
S6.1Eb
_i23
S6.1Ab '
-125
S6.1NA(78) b
-24
33
a
110 Hz.
b
ll Hz.
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Figure 3-11 shows the excellent correspondence between the two
dynamic experiments. The two methods are complementary in that high
frequency data are more easily obtained using the oscillatory parallel
plates (OPP) than the ERD geometry. Centrifugal force tended to force
material from the gap at high rotational velocities in the ERD geometry.
Using OPP, at least two cycles are necessary for the instrument to
compute the complex modulus and phase angle. At the lowest frequencies
this requirement was time prohibitive and data could be more quickly
and accurately taken in the ERD mode.
For the lower molecular weight S6.1 polymers, the zero shear
viscosity no is reached at the lowest shear rates or frequencies and
is asymptotically approached in the S3. 5 polymers. In order to estimate
Ho f° r each temperature, the extrapolation method of Lim and Hass was
25
used. A plot was made of reciprocal dynamic viscosity versus the
loss modulus, G" . As G" approaches zero, 1/n 1 approaches I/hq- A.
similar plot was constructed for l/na vs. the shear stress, t s , and a
double extrapolation was made to determine no f° r each temperature.
Figure 3-12 is typical of such plots. It can be seen that the extrapola
tion is over a very small region and that the two methods agree quite
well. These values of no were then used to apply time-temperature
superposition to the viscosity data.
Initial values of horizontal shift factors aT were calculated by
28
the method of reduced variables outlined by Ferry using
aT = noTref /norefT (3
" 3)
Vertical shift factors were calculated as the ratio of no at 140°C to
n 0 at the temperature being shifted. Values quite close to
those cal-
81
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Figure 3*11. Comparison of G 1 and G" vs. angular frequency for
eccentric rotating discs and oscillatory parallel pLates
for S6.1A at 100°C.
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culated were actually used to give the best fit of the data. Figures
3-13, 3-14 and 3-15 show the excellent superposition obtained for the
four polymers, each at a reference temperature of 140°C. Table 3-4
lists the values of n 0 and aT used for superposition of the 3.5 mole
% copolymers. The data for the S6.1 polymers are listed in Table 3-5.
Determination of the zero shear viscosities also affords the
advantage that the zero shear activation energy for viscous flow AE
can be calculated. Since the n 0 is uniquely determined by temperature,
an Arrhenius type equation can be used to calculate AE:
n 0 = K exp (AE/RT) (3-4)
Plots of log no against reciprocal temperature were used to estimate
AE and are shown in Figures 3-16 and 3-17 for the S3. 5 polymers and
the S6.1 polymers respectively. The activation energies were determined
using the method of least squares to calculate the slope. The calculatec
values are listed in Table 3-6.
From these calculations, it is seen that AE is slightly higher
for the acid copolymers than for the ester copolymers. For a 5.3 mole
% acrylic acid-ethylene copolymer and its 85% methyl ester, Lim and
25
Hass report values of AE as 15.7 and 8.5 kcal/mole respectively.
Their value for the acid copolymer is nearly the same as in the present
study, but the value obtained for the ester is much lower. Typical
values of AE for branched polyethylene are 10-15 kcal/mole and depend
22
greatly on the extent of long chain branching. The low value for the
ester derivative of Lim and Hass may be due to unusually low degrees
of branching or to the limited temperature range studied (30°C) .
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TABLE 3-4
Zero Shear Viscosities and Shift Factors
for the S3. 5 Polymers
Material Temperature
,
°C no> Poise a^ Calc. a-j Actual
S3. 5E 120 2.4 x 10 5 4.49 7.64
S3.5E 140 5.6 x 10^ 1.0 1.0
S3.5E 160 2.9 x 10 4 0.491 0.491
S3.5E 180 1.4 x 10 k 0.22 0.155
S3.5A 120 1.0 x 10 6 5.15 5.15
S3.5A 130 4.5 x 10 5 2.23 2.44
S3.5A 140 2.1 x 10 5 1.0 1.0
S3.5A 160 1.0 x 10 5 0.482 0.482
S3.5A 180 4.7 x 10^ 0.207 0.201
88
TABLE 3-5
Zero Shear Viscosities and Shift Factors
for the S6.1 Polymers
Material Temperature, °C n 0> Poise ax calc. aT actual
S6.1E 100 5.9 x 10 3 5.94 5.35
S6.1E 110 3.7 x 10 3 3.63 3.6
S6.1E 118 2.6 x 10 3 2.50 2.36
S6.1E 140 1.1 x 10 3 1.0 1.0
S6.1A 100 9.7 x lO4 11.9 11.5
S6.1A 120 3.1 x I0k 3.62 3.2
S6.1A 140 9.0 x 10 3 1.0 1.0
S6.1A 170 2.1 x 10 3 0.25 0.22
89
10 4 I I I I I I
2.1 2.2 2.3 2.4 2.5 2.6
l/T x I0 3 ,°K _1
Figure 3-16. Zero shear viscosity vs. reciprocal temperature for S3.5E
and S3.5A.
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2.2 2.3 2.4 2.5 2.6 2.7
I0 3/T, °K _I
Figure 3-17. Zero shear viscosity vs. reciprocal temperature for
S6.1E and S6.1A.
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TABLE 3-6
Zero Shear Activation Energies for Ester and Acid Copolymers
Material AE
,
kcal/mole Temperature Range, °C
S3.5E 13 120-180
S3.5A 16 120-180
S6.1E 14 100-140
S6.1A 18 100-170
92
This increase in viscous flow activation energy for the acid
copolymer compared to the ester derivative or to low density polyethylene
has been used as evidence for the influence of hydrogen bonds on the
melt flow behavior. 23 ' 24 ' 25 To determine if the differences in activa-
tion energy are instead a result of free volume effects, the data were
treated with a WLF type equation, eq. 3-1,
-A (T-T
s )
a
T
=
B + (T-T
s )
^"^
This theoretical treatment has been discussed above and results in a
decrease in activation energy as the temperature is increased above T .
The results of applying the equation are shown in Figure 3-18 for both
copolymer pairs. The reference conditions are 160°C for S3.5A, 127°C
for S3.5E, 118°C for S6.1E and 170°C for S6.1A. The difference in
reference temperatures between ester and acid of each copolymer is
about the same as the difference in glass transition temperature deter-
mined in the Vibron studies above. The values of A and B were found
to be A = 1.8 and B = 118. Thus it can be concluded that the slight
differences in viscous flow activation energies can be accounted for
by small differences in Tg.
The same shift factors listed in Tables 3-4 and 3-5 were used to
construct master curves of the storage modulus G T and loss modulus G"
for each polymer. The results for S6.1E and S6.1A are shown in Figures
3-19 and 3-20 with 140°C as the reference temperature. As in the case
of the viscosity data, excellent time-temperature superposition is
accomplished. The low frequency data for these polymers are in the
terminal region of flow and exhibit the theoretical slopes of 1 for G"
93
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and 2 for G' predicted by the Rouse 37 and Zimm38 theories of polymer
viscosity
.
Since the shapes of the G 1 and G" master curves are the same for
the acid and ester derivatives of each copolymer, a composite master
curve could be constructed for these derivatives. Taking the two
master curves (acid and ester), each at 140°C, a horizontal shift
resulted in superposition of the data. Figure 3-21 shows the result
for the S3. 5 polymers. The master curves of the acid are the reference
state and the shift factor bT required to superpose the ester master
curve on the acid master curve is 0.255. The similar plot for the S6.1
polymers is shown in Figure 3-22. In this case the ester derivative
master curves at 140° are the reference state and bx is equal to 8.0.
These results along with those discussed above indicate that differences
in the melt rheological response between the ester and acid copolymers
can be removed by a simple temperature or frequency shift of the experi-
mental data and that differences in viscous flow activation energy are
a result of differences in the glass transition temperature.
Before leaving the subject of the melt viscosity of the acid
copolymers, a discussion of hydrogen bonding is in order. As the
results in Chapter II indicate, the carboxylic acid groups in S3.5A
and S6.1A are essentially 100% hydrogen bonded at room temperature.
At the elevated temperatures encountered in the melt experiments, the
larger fraction of the groups remain, on a time average basis, in the
dimer form. Interchange between pairs of hydrogen bonded dimers is,
of course, taking place continuously in the polymer melt. Whether
this interchange perturbs the flow behavior must be determined by the
97
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kinetics of dissociation and association. Unfortunately, the infrared
measurements discussed in Chapter II give no indication of the rate at
which equilibrium is established as the temperature is varied, only
that on the time scale of 10 to 10 2 seconds, there is no change in the
dissociation constant when the temperature is raised a few degrees a
minute, then held constant.
Low molecular weight acid dimerization reactions are diffusion
controlled processes having rate constants of the order of 10 8 to 10 10
i 39mole sec in dilute solution. Since diffusion is the controlling
factor, the rate constants will be inversely proportional to the
40 41
viscosity of the medium. ' Dilute solutions of low molecular weight
acids have viscosities about 10~ 2 poise, while the bulk viscosities
of the polymer melts investigated are 10 3 to 10 6 poise. If the most
favorable conditions are selected, the rate constants could be within
the time scale of the rheological experiments (up to 10 2 sec" 1 ). How-
ever, the local viscosity experienced by the carboxylic acid groups
would certainly be lower than the bulk viscosity, and the molar con-
centration of the acid groups is small. Therefore, it is concluded
that the association and dissociation of hydrogen bonds occurs more
quickly than the time scale of the rheological measurements. The same
conclusion is reached by Otocka et al. in reference 16. Reinforcing
this conclusion is the excellent correspondence of steady shear and
dynamic viscosities for the acid copolymers as seen in Figures 3-8 and
3-10, and the excellent time-temperature superposition of the rheologica
data for S3.5A and S6.1A. If the content of dimers in the melt has a
significant effect on the flow behavior, then one might expect that
100
viscosity-shear rate curves at different temperatures would have dif-
ferent shapes. This, however, was not found.
It would be expected that the effect of hydrogen bonding on flow
properties would become obvious at some very high shear rate or con-
versely if the viscosity of the medium is greatly increased. The effect
of very high viscosity is seen indirectly in the case of styrene-meth-
acrylic acid copolymers. 17 ' 41 It is noticed that as the copolymers are
quenched from the melt or precipitated from solution to below T
, a
non-equilibrium fraction of carboxylic acid groups are "frozen" and
cannot attain the hydrogen bonded state favored the rmodynamically.
b. Ionomers
Figure 3-23 shows the frequency dependence of the absolute
value of the complex viscosity for S3.5NA(70). Steady shear data were
not attainable in the cone and plate geometry with any of the ionomer
samples. Extremely high apparent viscosities were noted for the lowest
shear rates, but the sample would quickly fail by extruding out of
the gap. Inspection of the figure, reveals that the experimentally
accessible viscoelastic region is far removed from the zero shear or
terminal behavior exhibited by the ester and acid derivatives. The
viscosity curves tend to converge at the highest frequencies in a
31
similar manner to the ionomers studied by Sakomoto et al. Similar
plots of | n* | against frequency were obtained for the other two ionomers
studied
.
Using empirically determined horizontal shift factors, a master
curve of G T vs. reduced frequency was constructed (Figure 3-24). It
would seem that reasonable time-temperature superposition is attained
101
3SlOd \Ji\
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in this case although some scatter is obvious. Reconstruction of this
master curve, including lines connecting the data for each temperature,
is shown in Figure 3-25. Maximizing the overlap at high frequencies,
it at once becomes obvious that the shape of the G 1 vs. cu curves are
different at each temperature. The low frequency modulus is seen to
decrease with increasing temperature. This behavior is then qualitatively
similar to stress relaxation data for styrene-sodium methacrylate
43,44ionomers. It was found for styrene ionomers containing more than
6 mole % ions that if overlap of stress relaxation curves obtained at
different temperatures was maximized in the short time region, then
pronounced deviations were observed at long times. Using the same
shift factors as for Figure 3-25, the master curve for the loss modulus
of S3.5NA(70) was constructed (Figure 3-26). Similar deviations are
seen in this plot.
Figures 3-27 and 3-28 show the pseudo-master curves obtained for
the 45% neutralized salt S6.1NA(45). Again the best overlap occurs
at the higher frequencies and deviations occur at the lower frequencies
.
The modulus at long times (lower frequency) decreases as a function
of temperature. This behavior can be explained in the following way.
At the short times (high frequency) , the viscoelastic response is
dominated by deformations occurring in the hydrocarbon matrix. As the
frequency is reduced (longer times) the viscoelastic response of the
ionic phase begins to influence the response. The temperature dependence
of the long time modulus would be the result of the temperature dependence
of the structure and viscoelastic response of the ionic phase. The
ability of the ionic phase to enhance the modulus then decreases as
the temperature is raised
.
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The pseudo-master curves for S6.1NA(78) are shown in Figures 3-29
and 3-30. The results here are somewhat different than in the previous
two cases. For this ionomer the best overlap of the modulus-frequency
curves was obtained at the lower reduced frequencies, with substantial
deviations occurring at the higher values of u>aT . This polymer con-
tains almost twice the ionic material as the other salts. It may be
speculated that due to a larger relative fraction of ionic domains,
the short time (high frequency) modulus response is now directly
affected by the presence of ions. Again as the temperature is increased,
the effect on the modulus is diminished. If a wider frequency and
temperature range had been experimentally accessible, deviations at
the lower reduced frequencies would be expected for this polymer similar
to those observed in the first two ionomers discussed
.
Activation energies were calculated for the three ionomers using
the shift factors from the pseudo-master curves. The values are listed
in Table 3-7. They are similar to AE's reported in the literature for
27
other ethylene ionomers calculated at constant stress. Using the
viscosity data in Figure 3-23, activation energies were calculated at
constant shear rate. The calculated values decreased from 8 kcal/mole
at 10" 1 rad/sec to 4 kcal/mole at 10 rad/sec. This decrease is typical
of polymers in the power law region and results from shear thinning
behavior and the convergence of the viscosity curves at higher frequencies
Values of the complex viscosity at 1 rad/sec are plotted logarithmi-
cally against temperature in Figure 3-31 for the S3. 5 series of polymers.
Data from the ester and acid materials are essentially parallel giving
a temperature shift, AT, of 33°C. This AT is roughly the same as the
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TABLE 3-7
Apparent Activation Energies at Constant Modulus for Ionomers
Material AE, kcal/mole
S3.5NA(70) 21
S6.1NA(45) 27
S6.1NA(78) 28
112
100 140 180 220 260
TEMPERATURE, °C
Figure 3-31. Complex viscosity at Ir/s as a function of temperature
for S3.5E (A), S3.5A (0) and S3.5NA(70) (•)
.
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difference in glass transition temperatures and represents the tempera-
ture elevation required to give the same viscoelastic response in the
acid copolymer that is observed in the ester derivative. The data for
S3.5NA(70) are extrapolated into the viscosity region of the ester and
acid with a line parallel to that of the other derivatives. Using
similar reasoning, the AT of 165°C is the temperature elevation required
by the salt to give the same viscoelastic response as the ester. Figure
3-32 shows a similar plot for the S6.1 series polymers except that log
G' at 4 rad/sec is used as the abscissa.
In their analysis of the melt rheology of styrene ionomers, Shohamy
and Eisenberg suggest that the ratio of AT's for ester-acid and ester
salt is related to the ratio of AH for the formation of a hydrogen
43bond and the formation of two ion pairs into a quartet. The AH of
a hydrogen bond is about 6-10 kcal/mole and the calculated AH for
quartet formation is 25-30 kcal/mole . ^ 9 ^ The ratio of these values
is then 2.5 to 5. The value obtained by Shohamy and Eisenberg for a
1.5 mole % s tyrene-methacrylic acid copolymer, its sodium salt and
methyl ester was 4.8. Values calculated in this work are listed in
Table 3-8 along with the results of reference 21.
It may be fortuitous that the AT ratios in Table 3-8 agree so
closely with the results of Shohamy and Eisenberg. It is obvious that
the ester-acid AT is conveniently explained by differences in the glass
transition temperatures of the two polymers. In the case of the
ionomers, such a simple explanation is not as easy to justify. The
dynamic mechanical measurements indicate that the T g of the
hydrocarbon
matrix in the salts is approximately the same as the T of the ester
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TABLE 3-8
Calculated and Theoretical Interaction Ratios
Material
AT, °C
ester-acid
AT, °C
ester-salt Ratio
Shohamy and Eisenberg 8 38 4.8
S3.5NA(70) 33 165 H 5.0
S6.1NA(78) 54 202 3.7
S6.1NA(45) 54 145 2.7
Theory
2.5-5.0
sm
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derivative. If the a relaxation is taken as the controlling mechani
for flow in the ionomers
,
the temperature difference between the ester
8 relaxation and the salt a relaxation is only slightly greater than
the ATg for the ester-acid. The large AT for the ester-salt pairs
therefore cannot be only the result of differences in T
Two additional factors influencing the rheological response of an
ionomer are the equilibrium number of salt residues in a cluster and
their rate of association and dissociation. Available data indicate
that the structural integrity of the clusters in ethylene ionomers is
retained in the melt and that the concentration and size do not change
significantly with temperature. In other words, the electrostatic and
thermodynamic parameters still favor phase separation at high tempera-
tures. Therefore, the translation of a polymer segment through the
melt would have to be coupled with the removal of an ion pair from an
ionic cluster, and this step would be the rate controlling process.
Figure 3-33 shows a plot of the ester-salt AT against the molar
concentration of ions . The concentration is corrected for partial
neutralization. Although only four points are included, there is a
definite non-linear trend in AT as the ionic content increases. The
same type plot is constructed for styrene-sodium methacrylate ionomers
21
by Shohamy and Eisenberg. Their graph shows a sigmoidal curve with
a sharp increase in AT from zero to 2 mole %, then a leveling off
between 2 and 4 mole %, followed by a sharp linear increase again above
5 mole % ion concentration. They suggest that at low concentrations
multiplets are forming. Between 2 and 4 mole %, the mul tip lets are
of identical structure and above 6 mole % the upswing in the curve is
117
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Figure 3-33. IT for ester-sale pairs as a function of ion content.
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due to the increasing size of aggregates. There seems to be no evidence
for this sigmoidal behavior in the ethylene ionomers, rather only a
steady increase in AT with ion content. This fact supports the conten-
tion that ionic clusters are formed even at the lowest concentrations
in the ethylene ionomers and increase in size and perfection as the
amount of ionic material increases.
The dynamic shear experiment can reflect both long- and short-
range segmental motions, depending on the frequency range of measure-
ment. As the frequency is increased, the motion of smaller segments
is observed. In the section discussing the rheological response of the
ester and acid derivatives it was shown that master curves of the
dynamic functions G f and G" exhibit theoretical behavior in the terminal
region and at higher reduced frequencies, begin to reach the rubbery
plateau region (Figures 3-21 and 3-22). The shapes of the G 1 and G"
curves for the ionomers indicate that they are near the plateau region
and at much higher modulus levels than the ester and acid copolymers.
Using simple horizontal frequency shifts, master curves of G f for the
three S3. 5 derivatives, each at 140° as the reference temperature,
could be made to superimpose to give a composite super-master curve.
This is shown in Figure 3-34. The frequency shift for the salt is
enormous, with a^ 1 = 8200. It seems apparent from the figure that the
shapes of the G 1 vs. frequency curves do overlap for the three chemically
different polymers to form a single smooth curve over a large frequency
range. Similar overlapping of master curves for S6.1E, S6.1A and
S6.1NA(78) also gives a smooth fit of the three separate master curves.
The pseudo-master curve of the half-neutralized salt, S6.1NA(45), could
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not be made to superimpose with those of the ester and acid, however.
The most obvious explanation for this apparent superposition of
the separate master curves is that the chain dynamics in each deriva-
tive are similar and the large frequency shift required for the salt
is due to smaller segmental lengths in the ionomers controlling the
viscoelastic response. Considering the ionic domains to be crosslinking
sites, the molecular length between network points (either chain
entanglements or ionic groups) would be shortened by the introduction
of ions. The introduction of the ionic phase would then raise the
modulus by a crosslinking effect without influencing the dynamics of
the nonionic network matrix. In the theory of rubber elasticity, the
modulus is considered proportional to the number of crosslinks, but
the shape of the modulus-time curve does not depend on crosslink density.
The above discussion is certainly too crude to completely account
for the apparent superposition in Figure 3-34. In the case of S6.1NA(45)
there is no similarity of shape in G' and GM plots between this salt
and the ester and acid master curves. Likewise the shape of the modulus
curves for the more highly ionized S6.1NA(78) is quite different from
that of S6.1NA(45). So it may be somewhat fortuitous that the shapes
of the master curves for the S3. 5 polymers seem to overlap.
c. Crown Ether Studies
To investigate further the role of ionic interactions on melt
rheological properties, an attempt was made to preferentially reduce
the ability of the carboxylate salts to interact with each other. Certain
compounds such as crown ethers are known to chelate or solvate metal
cations^ 6,
^ 7
therefore producing free anions separated from their
ons
.
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cation partner. It was anticipated that chelation of the metal catl
present in ionomers would reduce the tendency to form ion pair associa-
tions
.
Compression molded films of S6.1A and S6.1NA(45) were soaked in
"
saturated THF solutions of dibenzo-18-crown-6 for several days. The
films became swollen with solution and were washed with THF and acetone,
then dried under vacuum at 80°C for 36 hours. Weight gain was only a
few percent however infrared analysis showed additional peaks at 1950,
1130, 1220 and 1508 cm" 1 which were taken as evidence for the presence
of the crown ether in the polymer. Melt viscoelastic properties were
determined in the Rheometrics Mechanical Spectrometer using the OPP
dynamic experiment
.
Figure 3-35 shows the viscosity curves for the acid material at
100°C. The viscosity of the polymer treated with the crown ether solu-
tion is significantly greater than the control sample. This implies
that for the unionized acid copolymer, an antiplasticization or filler
effect may result from the introduction of the crown ether molecules.
Another possibility that was not fully investigated is that low mole-
cular weight polymer molecules may have been leached out of the film
during treatment with the crown ether solution. An increase in average
molecular weight would also increase the melt viscosity.
Figure 3-36 shows the results for the ionomer. For the tempera-
tures investigated the effect of the crown ether is to reduce the
storage modulus. The effect is significant, and with the small amounts
of crown ether added to the polymer the effect is the same as would
be a reduction in the degree of ionization or an increase in temperature
122
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D. Conclusions
At the concentrations investigated, incorporation of hydrogen
bonding carboxylic acid groups in a polyethylene-based polymer leads
to an increase in melt viscosity and a slight increase in activation
energy for viscous flow. These effects can be explained satisfactorily
by an increase in the glass transition temperature. The results in-
dicate that the presence of hydrogen bonds in the melt do not directly
influence the rheological response of the acid copolymers and that
the rates of hydrogen bond dissociation and association are greater
than the time scale of the experimental method.
Failure of time-temperature superposition for the ionomers is due
to the presence of ionic clusters in the melt and the temperature
dependence of their rheological response. Apparent superposition of
G f data for the three S3. 5 derivatives and the S6.1 derivatives includin
S6.1NA(78) suggest that the chain dynamics, regardless of the method
or form of crosslinking , determine this behavior. Ratios of AT values
between ester-salt and ester-acid pairs are approximately the same as
the ratio of AH for ion quartet formation and hydrogen bonded dimer
formation.
Addition of a small amount of crown ether to an ionomer sample
results in a decrease in the high temperature storage modulus. An
increase in viscosity is observed for the free acid copolymer when
crown ether is added. For the ionomer, the result is similar to a
decrease in the degree of neutralization.
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CHAPTER IV
TRANSITIONS AND RELAXATIONS IN CIS-POLYPENTENAMER AND ITS
HYDROGENATED DERIVATIVES
A. Introduction
The hydrogenation of unsaturated polymers is one of the most familiar
techniques utilized for polymer modification and has been reviewed
recently by Brydon and Cameron. 1 The early work of Staudinger, 2 Harries 3
4
and others employed either nickel or nobel metals as heterogeneous
catalysts. Conditions were at high temperatures and pressures with
the polymer in dilute solution. Under these extreme conditions, polymer
backbone degradation is severe. More recently there has been interest
in Raney nickel catalysis for hydrogenation of polymers. 5 However,
difficulty in preparation and separation have directed research towards
homogeneous catalysis
.
Brydon and Cameron discuss many Ziegler-type catalysts
,
lithium,
aluminum, and magnesium compounds, and organoboron compounds that have
been reported in the patent literature as homogeneous hydrogenation
catalysts. Some of these reactions also result in main chain scission
even with relative low reaction temperatures. Unfortunately most of
these reactions do not go to completion
.
The use of diimide for the homogeneous hydrogenation of unsaturated
6 7
polymers was reported by two groups of workers in 1973. ' Complete
hydrogenation of various butadiene polymers and copolymers, polyisoprene
and polycyclohexadiene was achieved by the in situ generation of diimide
by the thermal decomposition of p- toluenesulphonylhydrazide (TSH) in
solution at 110-160°C. The relative reaction rates for vinyl, cis,
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and trans double bonds were found to be: vinyl > cis % trans. A small
amount of chain scission was found to occur. By-products from the
diimide generation resulted in the introduction of 0.2 to 1.0% of
P-CH 3C 6H t+ S0 2 groups onto the polymer backbone based on 100% of the
original double bonds. This was evidenced by positive sulfur analysis
and a significant non-C-H content in the completely hydrogenated polymers.
This diimide reaction has been successfully used to hydrogenate
gpolypentenamer. This rubber was chosen because it is a linear polymer
of relatively narrow molecular weight distribution containing little
or no branching. The polypentenamer used in these studies contained
82% trans double bonds and was semicrys talline , with a melting point
in the vicinity of 15°C. Upon hydrogenation , the trans polypentenamer
is converted into a material resembling linear polyethylene with a
melting point of 130°C and a degree of crystallinity of 85%. The dynamic
mechanical behavior of this polypentenamer (PP) and some of its hydrogenated
9derivatives was also studied. As the extent of hydrogenation is
increased, the relaxation accompanying the glass transition (8 relaxa-
tion) shows a marked dependence on polyethylene crystallinity. Thus
the temperature of the 6 relaxation at 110 Hz increases from ca. -90°C
for the starting PP to ca. 0°C for the fully hydrogenated derivative.
Cowie and coworkers*'" have used the same diimide reaction to pre-
pare partially hydrogenated derivatives of polybutadiene and studied
the mechanical relaxation and Tg behavior of the resulting polymers.
The polymer investigated was semicrystalline and contained 94% cis
double bonds, but some 3% vinyl side groups were also present. The
authors found a similarly large increase in T g and in the 6 relaxation
temperature as the degree of crystallinity increased. The completely
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hydrogenated product revealed a melting point of 120°C indicating the
influence of branching.
The effect of crystallinity on the glass transition (T
g ) remains
a matter of some controversy. Illers 11 reports data for poly (propylene
oxide), polypropylene, poly (ethylene terephthalate) and isotactic
polystyrene. Of these polymers, only isotactic polystyrene and poly-
propylene exhibit a T
g
which is independent of crystallinity. Crystal-
Unity has a negligibly small effect on the T
g
of polypentenamers
.
12
Wilkes has shown that T
g
measured by calorimetric methods varies
from -105°C for a 100% cis polypentenamer (amorphous) to
-92°C for a
29% crystalline polypentenamer containing 88% trans double bonds. This
could be due to the composition change as much as to crystallinity.
Available evidence indicates that the double bonds of the trans-con-
figuration incorporate into the polyethylene crystal lattice to some
9
extent. This effect, together with the inherent crystallinity of the
82% trans PP studied previously, obscures the effect of polyethylene
crystallinity on T
g
.
In order to further clarify this effect, a study was made of a
97% cis polypentenamer (labeled HCPP) and its hydrogenated derivatives.
The HCPP is completely amorphous. In fact, it can only be crystallized
13
after annealing for several weeks at -75°C, resulting in a melting
point of -41°C. In addition, the cis double bond cannot be accommodated
in the polyethylene crystal lattice. The results of the study on the
HCPP and its hydrogenated derivatives serve to amplify and confirm
those obtained previously.
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B. Experimental
1. Materials
The HCPP used in this study was kindly provided by the Goodyear
Tire and Rubber Company. Infrared analysis yielded a cis content of
97% and a trans content of 3% with no detectable vinyl content. Gel
Permeation Chromatography in toluene using a polystyrene calibration
gave M
n = 48.6 x 10
3 and ^ = 173 x 10 3 . Hydrogenation was carried
out in p-xylene using p-toluenesulfonyl hydrazide. The details of
this procedure have been described previously. 8
Films suitable for mechanical testing, differential scanning
calorimetry (DSC) and infrared analysis (IR) were prepared by compres-
sion molding at 90-160°C. The films were allowed to cool to room
temperature over a period of 5-15 minutes. Films of the three most
highly hydrogenated derivatives were annealed at 75°C for 24 hours.
2
. Measurements
IR analysis was carried out on a Perkin-Elmer Model 180 Infrared
Spectrometer. Some of the films for IR analysis were prepared by
solution casting, and some by compression molding. In addition, it
was necessary to prepare KBr pellets using powdered samples in some
cases due to the inability to produce thin molded films without cross-
linking. The determination of the cis and trans double bond concen-
trations was carried out using the 968 cm" 1 band for the trans configura-
tion and the 1401 cm" 1 band for the cis configuration with the methylene
i 14band at 1460 cm 1 as an internal reference. The degree of crys tallinity
was determined using the 1894 cm" 1 and 2016 cm" 1 absorbances according
to the method of Read and Stein."'"
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DSC measurements were carried out on a Perkin Elmer Model DSC2.
The scanning rate was 10° per minute in all cases. Cyclohexane and
indium were used as thermal standards. The temperature of maximum
excursion from the baseline of the melting endotherm was taken to be
the melting point (Tm ) . Glass transition temperatures (T 's) were
taken to be the midpoint of the step in heat capacity.
Dynamic mechanical measurements were carried out on a Vibron
Dynamic Viscoelastometer
,
Model DDV-II (Toyo Measuring Instruments
Company)
.
The temperature range was from -160° to 140°C and the fre-
quencies employed were 3.5, 11 and 110 Hz. Samples were heated at 1
to 2°C per minute under dry nitrogen.
Film densities were obtained at 23° using an ethanol-water density
gradient column.
C. Results
Table 4-1 collects the characterization data for HCPP and the
eight hydrogenated derivatives employed in this study. Based on the
infrared analysis, it appears that some isomerization from the cis con-
figuration to the trans configuration takes place during hydrogenation.
For samples HYC2 to HYC7, 10% of the original unsaturation remains as
trans double bonds. This means that in the case of HYC7 all of the
residual unsaturation is of the trans configuration. In the crystal-
linity determinations, it was arbitrarily assumed that the enthalpy
of fusion (AHU ) , of the 100% crystalline derivative was 60 cal/gram in
each case. In view of the isomerization to the trans configuration
and the known dependence of AHU on trans double bond content,^ it is
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TABLE 4-1
Characterization Data for HCPP and Its Hydrogenated Derivatives
Sample
Residual
Unsaturation
(%) a T 2 (°C) Tm (°C) b DSC
%
9 1894
Crystallinity
9 2016
d Densitye
HCPP 100 -100 — 0 0 0 o
HYC1 63 -111 - 0 - 0
HYC2 51 -100 - 0 _ 0
HYC3 49 -87 H -11 2 0
HYC4 44 -80 17 8 0
HYC5 39 -72 52 12 0
HYC6 15 104 32 24 50 63
HYC7 10 125 43 45 77 64
HYC8 0 131 59 87 78 69
From IR analysis.
b
By DSC
From the 1894 cm" 1 band by the method of reference 14.
^From the 2016 cm"* band by the method of reference 14.
e
C.A. Sperati, W.A. Frarta and W.H. Starkweather, Jr., J. Am. Chem.
Soc.
,
75, 6127 (1953)
.
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clear that such an assumption must involve error. However, the values
marked DSC in Table 4-1 give the relative trend of increasing crystal-
Unity of the derivatives. In a similar manner, the % crystallinity
.
determined by density measurements is based on the amorphous density
of polyethylene which is not correct for the derivatives containing
residual unsaturation. It was not possible to determine the crystal-
Unities for samples HYC1 through HYC5 by the IR method since suitable
films of these samples were not obtained and the IR analysis was carried
out on powders in the form of KBr pellets. Overall, the DSC values
give the best relative crystallinity scale.
Figures 4-1 through 4-3 represent the temperature dependence of
the tensile storage and loss moduli, (E 1 and E") , at 110 Hz for the
HCPP and 5 of its hydrogenated derivatives. These plots illustrate
the progression of properties from the amorphous HCPP with its single
relaxation region, labeled 8, at-100°C, to the highly crystalline HYC8
which exhibits the three relaxation regions characteristic of poly-
16
ethylene. These three relaxations are labeled a, 3 and y in order
of decreasing temperature. In HYC8, the a relaxation occurs at 70°,
the S at 0° and the y at -115°C. Table 4-2 collects the relaxation
data for all the samples studied together with the DSC Tg's, Tm 's and
melting ranges. It may be noted that HCPP does not exhibit a y relaxa-
tion, while all of the derivatives do possess such a relaxation at
about the same temperature. The a relaxation and the 6 relaxation both
increase in temperature with increasing crystallinity and no a relaxa-
tion occurs in the amorphous samples. There is a considerable degree
of overlap among the a and 6 relaxations and the onset of melting in
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TABLE 4-2
Mechanical Relaxation Temperatures for HCPP
and Its Hydrogenated Derivatives
ample V rp a Melting Rangeb T ca T c
_JL
T c
_L
HCPP -100
-98
HYC1 -111
-100
-120
HYC2 -100
-85
-126
HYC3 -87 -11
-37 to 9 -20d -30d
-114
HYC4 -80 17 -38 to 59 -12d -20d
-106
HYC5 -72 52 6 to 66 8d -15 d -109
HYC6 104 73 to 108 20 -10 -108
HYC7 125 75 to 130 63 -4 -109
HYC8 131 75 to 133 70 -4 -113
a
By DSC.
^Taken as the temperatures at which the DSC trace first departed from
the base line and the temperature at which the melting endotherm
returned to the base line.
The temperature of the E relaxation peak at 110 Hz.
^The 8 and a relaxations are partially merged in samples HYC3 to HYC5.
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samples HYC3, HYC4 and HYC5 so that it is difficult to make meaningful
temperature assignments of the relaxations in these cases. The corres-
pondence between the DSC T
g
's and the temperatures of the 6 relaxations
is quite good for the amorphous samples but shows increasing deviations
for the semicrystalline materials. The overlap of the a and 6 relaxa-
tions makes such comparisons difficult for HYC3, HYC4 and HYC5, and no
DSC T
g
is observable for samples HYC6, HYC7 and HYC8.
In contrast to this behavior is that exhibited by polypentenamer
isomers of differing crys tallinities
. Relaxation data for three such
polymers of differing trans content are collected in Table 4-3. Although
the degree of crystallinity in this series varies from 0 to 25%, there
is relatively little change in the DSC T
g
. The magnitude of the 6
relaxation decreases by almost an order of magnitude, however.
D. Discussion
1. General
The most important results of this study are the demonstration
of the remarkable change which occurs in the relaxational behavior of
the derivatives upon the appearance of the first trace of crystallinity
and the large influence of crystallinity on Tg and its accompanying
relaxation (3 relaxation)
.
The behavior of the Tg as a function of conversion and % crystal-
linity has already been summarized in Table 4-1. It is seen that there
is an initial decrease in T
g
followed by a sharp increase as soon as
the samples are able to crystallize. Intuitively the initial decrease
is reasonable since relatively "stiff" double bonds are being replaced
with "more flexible" single bonds. This is also in agreement with the
140
TABLE 4-3
Relaxation Data for PP Isomers
Sample
% Trans
Configu-
ration3 T
g
(°C) b Tm (°C)
b T
6 (°C)
C
e
Magni-
tude d
%
Crystal-
linity
HCPP 3 -100 0 -98 1.52 0
PP 82 -96 15 -88 0.24 18
HTPP 93 -95 25 -78 0.18 25
By IR analysis.
By DSC.
C
E" at 110 Hz.
d
tan<5 at 110 Hz.
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conclusion of many authors 17 that the T
g
of the hypothetical amorphous
polymethylene is very low, in the neighborhood of
-120°C or lower.
Figure 4-4 presents the dependences of both the DSC T e and the 6 relaxa-
tion temperature on % conversion. It is seen that there is a reasonable
correspondence between the two methods and that the observed T behavior
cannot be attributed in any reasonable way to compositional changes.
Thus, if we accept the value of
-120°C for the T
g
of amorphous poly-
methylene and use the measured value of
-100°C for the T 2 of the fullv
unsaturated HCPP, removal of unsaturation would be expected to produce
materials with T
g
f
s intermediate between these values instead of
producing the sigmoidal behavior manifest in Figure 4-4. It is there-
fore clear that the observed effects arise from the presence or absence
of crystallinity in the derivatives. Furthermore, the effects cannot
be ascribed to the isomerization of cis double bonds to trans double
bonds during the course of the hydrogenation. Table 4-3 shows that
the difference in T
g
between the 97% cis configuration polymer and the
93% trans configuration polymer is only about 5°C.
2. The y Relaxation
The previous publication on hydrogenated polypentenamer deriva-
tives concluded that the y relaxation was a secondary relaxation of
9
composite nature, involving both an amorphous and crystalline component.
Figure 4-5 gives the dependence of E" on (1/T) in the y dispersion
region for several of the HCPP derivatives. Much the same trends are
discernible as in the previous study. In the HYC1 derivative, the y
relaxation is quite small and ill defined and there is a steady increase
in its magnitude with increasing hydrogenation. In the HYC8 derivative,
142
Figure 4-4. Glass transition temperature as a function of percent
conversion
.
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the Y relaxation exists as two overlapping peaks. A dielectric study
of cyano-substituted polypentenamer derivatives concluded that the y
relaxation consisted of an amorphous and crystalline component and
that the behavior of the amorphous component was consistent with the
crankshaft mechanism of Boyd and Breitling. 18 This mechanism envisions
a "crankshaft" motion with three bonds between the stem bonds of the
crankshaft. The present results also support the Boyd-Breitling mech-
anism for the amorphous y relaxation. The supporting evidence consists
of the facts that the magnitude of the relaxation increases with
increasing CH 2 sequence lengths and the activation energies obtained
from plots of log fmax vs. 1/T are generally in the neighborhood of 15
kcal which is within the range derived by Boyd and Breitling.
In the case of the crystalline y relaxation, the weight of the
available evidence points to motions occurring around defects within
the crystals as responsible for the phenomenon. 16 ' 1 ^ The characteristics
of the y relaxation in the various derivatives are summarized in Table
4-4.
3. The 8 Relaxation
Figure 4-6 is a plot of the magnitude of the 8 relaxation
versus % conversion. It is seen that there is an initial increase in
the magnitude as double bonds are replaced by methylene sequences and
this is accompanied by a decrease in the temperature of the 8 relaxation
as previously noted. When crystallinity first occurs, which is in
the 50% conversion range, there is a precipitous drop in the 8 relaxa-
tion magnitude accompanied by an equally abrupt temperature increase.
Considerable overlap exists between the 8 and a relaxations in this
145
TABLE 4-4
Characteristics of the y Relaxation in the HCPP and Its Derivatives
^act Magnitude
Sample TY (°C)
a (kcal) (tan6)
HCPP
HYC1 -120 4 0.010
HYC2 -126 13 0.010
HYC3 -114 18 0.029
HYC4 -106 15 0.031
HYC5 -109 16 0.032
HYC6 -108 30 0.046
HYC7 -109 25 0.062
HYC8 -113 24 0.059
a
tan6 at 110 Hz.
0
146
version
.
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region, but at higher conversions (above 70%), the S relaxation magni-
tude generally exhibits the same trends observed in the study with the
trans polypentenamer derivatives. 9 It may also be extrapolated smoothly
to zero at a hypothetical 100% crystallinity (not conversion) as seen
in Figure 4-7. The results of this study confirm the identification
of the B relaxation with motions accompanying the glass transition and
demonstrate the great influence of the crystal phase in polyethylene-
like materials on this motion.
Figure 4-8 summarizes the dependence of the temperature of the 8
relaxation on crystallinity. It can be seen that relatively small
amounts of crystallinity produce large temperature effects. Figure 4-8
also includes data of Illers on the 6 peak temperature in linear poly-
ethylene at 1 Hz
11
and that of Sanui et al. at 3.5 Hz. 9 Despite the
frequency differences, the agreement is quite good and shows the overall
trend of increasing glass transition temperature with increasing crystal
linity
.
4. The a Relaxation
The characteristics of the a relaxation are collected in Table
4-5. The overlap of the a and 8 relaxations in samples HYC3, HYC4 and
HYC5 make a quantitative discussion difficult. However, there seems
little doubt that in these derivatives of very low crystallinity, the
a relaxation originates in motions accompanying the melting of small
imperfect crystals and not from the conventional polyethylene a relaxa-
tion. On the other hand, the a relaxation in samples HYC6, HYC7 and
HYC8 very probably does originate in intracrystalline motions and
perhaps partially in interlamellar slip mechanisms as well.
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TABLE 4-5
Characteristics of the a Relaxation
Sample Ta (E")
a Ta (tan6)
a
tan6
Magnitude 3
HYC3b -20 -8 0.45
HYC4b -12 0 0.46
HYC5b 8 30 0.50
HYC6 20 76 0.13
HYC7 63 118 0.16
HYC8 70 127 0.18
a
At 110 Hz.
relaxation and 3 relaxation overlap.
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5. Copolymer Effects
9In the work of Sanui et al., the lowest degree of crystal-
linity obtained was 36%. The initial objective of the present study
was to obtain partially hydrogenated derivatives of the same 82% trans
polypentenamer having very low degrees of polyethylene crystallinity.
The hydrogenation reaction was carried out to very short times and
the products isolated. The melting point behavior is exhibited in
Figure 4-9. From inspection of the figure it is obvious that crystal-
Unity is present in all the materials and some type of cocrystalliza-
tion phenomenon must be occurring, going from trans polypentenamer-type
crystallinity to polyethylene-type crystallinity as the reaction
proceeds. Initially the melting point of the trans polypentenamer is
depressed by incorporation of ethylene units into the lattice, then as
more ethylene segments are produced the crystal form changes to the
polyethylene-type and the melting point rapidly increases.
This effect of cocrystallization in the trans polypentenamer can
also be seen in Figure 4-10. This is a plot of the Flory melting point
19
depression equation:
1/Tm - 1/T° = -(R/AHU) In NA (4-1)
Tm is the melting point, Tm is the melting point of the pure
homo-
polymer, and AHU is the heat of fusion. The gas constant
is R and NA
is the fraction of crystallizing comonomer. The heat of fusion AHU is
obtained from the slope of the lines in the figure. It can be seen that
the AHU for the trans PP is
near that expected for linear polyethylene
while the value for the cis HCPP is much lower and may only approach
152
PP HYDROGENAT ION TIME, Min.
Figure 4-9. Melting point of PP derivatives as a function of hydrogena-
tion time.
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the theoretical value of 60 cal/gram at the very lowest amounts of
residual double bonds. There is only a slight dependence of AHU on
the amount of comonomer for PP. This was also found to be the case
using the diluent method for estimating AHU .
8
The interpretation of
this behavior suggests that the crystals formed in the PP derivatives
are more perfect than in the HCPP derivatives and points to the possi-
bility of inclusion of trans polypentenamer units into the polyethylene
crystallites without serious disruption of the crystalline lattice.
The recent results of Cowie and McEwen^ reiterate the general
findings discussed above, but their analysis is somewhat different.
In their study, a semicrystalline polybutadiene containing 94% cis,
3% trans, and 3% vinyl double bonds was hydrogenated using the TSH
reaction. The starting polymer had a melting point of -17°C. At low
conversions, the authors report a linear increase in Tg as determined
by DSC and torsional braid analysis (TBA) . Assuming the partially
hydrogenated derivatives to be copolymers of ethylene and acetylene
they use several copolymer equations to fit the data and extrapolate
to a value of -76 to -73°C for the T
g
of amorphous polyethylene. A
comparison of the T
g
behavior of the HCPP derivatives to that of the
polybutadiene hydrogenated derivatives is made in Figure 4-11.
There are several objections to this analysis. The first is the
contention that the hydrogenated derivatives can be considered copolymer
of ethylene and acetylene. Polyacetylene , which contains double bonds
between alternate carbon atoms, is an extremely brittle, inflexible
21
polymer exhibiting no detectable T . Cowie's use of copolymer equa-
tions directly infers that the T g of
polyacetylene is lower than that
of polyethylene. This cannot logically be the case.
155
-60
-70
-80
o
COQ
P -90
-100
/
/
/
I
»•
/
/
HCPP
/
/
•
'
/
/
/
'
,
CIS PBD
' o
Crystallinity p' 4
N
N JO*
-no % "° »« /
Crystallinity
-120
20 40 60 80 100
% CONVERSION
Figure 4-11. Dependence of DSC T g as a function of
percent conversion
for HCPP and hydrogenaced cis polybutadiene (cis PBD).
156
The starting polybutadiene was semicrystalline
. As discussed
above, crystallinity has an enormous effect on the glass transition
of ethylene copolymers. In the study using trans PP
, where the starting
rubber was also semicrystalline, a smooth rise in T
g
was observed as a
function of conversion of the double bonds, along with a smooth drop
in the magnitude of the 6 relaxation. Only in the completely amorphous
system using the cis polypentenamer HCPP is the initial drop in T
observed, along with an initial increase in the relaxation strength.
This must be a result of composition, since there is no possibility
for the influence of crystallinity.
A final point to consider in the analysis of the hydrogenated
polybutadienes is the effect of the vinyl side groups. It has been
established that the rate of hydrogenation of these double bonds is
greater than that of the internal olefins, 7 therefore the 3% vinyl
groups would probably be hydrogenated even at low conversions. The
hydrogenated products could then be considered terpolymers of butadiene,
ethylene and butene-1. The relatively low melting point of the com-
pletely hydrogenated butadiene polymer (120°C) compared to the Tm of
HYC8 (131°C) also indicates the influence of the side branches. The
glass transition of polybutene-1 (about -23°C) is much greater than
that of polybutadiene and would then tend to raise the overall Tg of
the terpolymer. This effect along with the possible influence of poly-
butadiene crystallinity renders the results using hydrogenated poly-
butadiene as a model for linear polyethylene as inconclusive.
E . Conclusions
The series of studies on the polypentenamer derivatives together
157
with those of other workers on a number of other polymers begin to point
toward the general conclusion that the two phase model is an adequate
representation of polymer behavior only in the case where the "amorphous
phase" is of a sufficiently different structure from the "crystalline
phase" so that it cannot crystallize under any circumstances. Thus in
isotactic polystyrene, crys tallinity has no effect on the glass transi-
tion temperature or relaxations accompanying it, and the same is true
of polypropylene and the cis-trans isomers of polypentenamer. On the
other hand, polyethylene terephthalate and the polypentenamer deriva-
tives have glass transition behavior which is greatly affected by
crystallinity . The mechanism of the interaction of the "crystalline"
and "amorphous" phases is by no means clear. The elucidation of the
nature of this interaction will require extensive additional investi-
gation .
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CHAPTER V
SUGGESTIONS FOR FUTURE WORK
As is the usual case, in the course of this work more new problems
were uncovered than were answers to old problems. Specifically, the
structure of ionomers and how it affects rheological properties is
still not completely understood. The question of whether there is a
critical ion concentration for cluster formation in ethylene ionomers
is yet unanswered. Of course the glass transition temperature of
"amorphous" linear polyethylene will continue to be a debatable subject
with the significance of the polyethylene T
g
remaining somewhat academic
In Chapter II, it was observed that the 1565 cm" 1 band in the
ionomers has an unusual temperature dependence not seen by other workers
The nature of the temperature dependence is not known and should be
studied as a function of ion concentration and cation type.
Further investigation of the dynamic mechanical properties of
ethylene ionomers may yield evidence for non-clustering at low ion con-
centrations. Most of the previous studies have been conducted using
concentrations of salt groups greater than 1 mole %. It is suggested
that ethylene-carboxylic acid copolymers containing less than 1 mole
% acid comonomer be investigated by dynamic mechanical methods to
determine the 6 and a relaxation behavior at very low ion contents.
Similarly the melt rheology of ethylene copolymers containing
small amounts of ions should be investigated. It may be expected that
time-temperature superposition will be applicable for ionomers at some
low ion concentration. The studies concerning the effect of crown
ethers should also be continued. More efficient complexing of the
161
salts could possibly be accomplished by neutralizing the polymer with
a base that is already complexed by the crown ether.
The side reactions of the TSH hydrogenation need to be defined
and investigated. The amount of sulfur and nitrogen containing com-
pounds adding to the polymer should be followed as a function of time
and reaction condition. Addition products such as p-toluenesulf inic
acid may influence the dynamic mechanical properties. An effort should
be made to find suitable compounds and procedures for stabilizing the
hydrogenated products to prevent crosslinking over a period of time.
A very interesting study would be that concerning the crystalline
x-ray scattering of the partially hydrogenated polypentenamers . The
available evidence suggests that cocrystallization of trans polypentenamer
units and polyethylene units occurs. This could be confirmed by an
x-ray investigation.


